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ABSTRACT 


During  the  past  four  years,  laboratory  tests  conducted  by 
Westinghouse  have  shown  that  the  electron  beam  gun  is  a  promising 
tool  fur  use  in  hard-rock  excavation.  However,  because  these  tests 
were  only  conducted  on  small,  unconstrained,  laboratory  test  specimens 
weighing  a  few  hundred  pounds,  their  results  are  not  appropriate  for 
evaluating  the  use  of  the  electron  beam  gun  in  large-scale  tunneling 
and  mining  operations.  Such  an  evaluation  was  the  original,  prime, 
objective  of  the  U.S.  Bureau  of  Mines  contract  (H0110377),  of  which 
this  publication  is  the  Final  Technical  Report.  The  contract  was  aimed 
at  field  tests  to  study  the  electron  beam  process  on  a  semi-infinite, 
constrained  rock  mass,  such  as  might  be  encountered  in  mining  or  tun¬ 
neling.  The  objectives  of  the  electron  beam  gun  evaluation  program 
were: 

1.  To  obtain  field  operating  data. 

2.  To  determine  the  effectiveness  and  economic  feasibility 
of  the  electron  beam  gun  compared  with  conventional  methods  of  hard 
rock  excavation. 

3.  To  det  irmine  practical  optimums  for  equipment  configuration 
and  modes  of  opera  ion. 

In  support  )f  the  foregoing  effort,  laboratory  experiments 
and  theoretical  studies  were  also  to  be  conducted  to  compute,  and  if 
possible  to  predict,  the  thermal  stresses  and  the  resultant  rock 
fragmentation  for  various  cutting  strategies  and  election  beam  para¬ 
meters  in  different  types  or  rock. 

When  part  of  the  above  program  was  completed  it  was  found  that 
rhf»  carriage  for  the  "lectron  gun  and  other  field  support  equipment  had 
cost  more  than  anticipated,  and  with  the  remaining  funds  actual  field 
test  could  not  be  performed.  By  way  ot  a  revision  of  the  original 
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contract,  and  as  an  interim  objective  towards  the  overall  objective, 
it  was  therefore  decided  to  complete  the  construction  and  tests  of  a 
mobile,  field-worthy  electron  gun  for  rock  cutting,  and  to  use  it  for  a 
limited  series  of  process  studies  and  cutting  tests  on  a  large  block  of 
granite  which,  at  least  for  some  of  the  tests,  represented  a  quasi¬ 
infinite  rock  face.  It  is  clear,  however,  that  a  proper  assessment  of 
the  e.b.  method  for  large  scale  cracking  of  rock  ledges,  etc.,  could 
not  be  expected  from  such  limited  tests.  Also  excluded  by  the  contract 
revision  was  the  originally  intended  Systems  Analysis  Study,  which  was 
supposed  to  project  the  conclusions  of  the  tests  into  reference  with  a 
productive,  rapid,  hard-rock  excavation  system;  such  a  study  can  only 
be  based  on  full-scale  field  tests. 

Under  the  contract  several  tasks  were  accomplished.  A  carriage 
was  designed  and  built  for  making  an  electron  gun  sufficiently  mobile 
to  use  in  a  series  of  rock  cutting  tests  on  a  semi-infinite  rock  face. 
(The  gun  and  its  auxiliaries  were  not  built  under  contract  but  are 
Westinghouse  property  existing  prior  to  this  contract.) 

The  electron  gun  was  tested  In  a  limited  number  of  tests  on  a 
6  ft.  cube  of  granite.  These  test  ide  outdoors  with  the  equip¬ 
ment  coni’ igurat J on  eventually  •  .iold  tesla.  As  such, 

a  remofqly  controlled,  "long  u  gun  has  been  success¬ 

fully  demonstrated. 

A  mathematical  model  was  deve .1  to  approximate  the  electron 
beam  piercing  process  and  the  subsequent  development  of  thermal  stresses, 
up  to  the  point  of  cracking.  This  program  identified  the  several 
critical  parameters  of  the  process  and  predicted  stress  configurations 
which  are  in  qualitative  agreement  with  the  cracking  configurations 
found  experimentally. 

In  conclusion,  the  original  contract  objectives,  namely  field 
tests  of  the  electron  beam  rock  cutting  process  on  a  semi- inf  ini  to  rock 
face,  ware  not  met  with  che  available  funds.  However,  a  mobile,  ileld- 
worthy  electron  gun  was  checked  out  in  a  very  limited  series  of  outdoor 
tests  on  a  6  ft.  cube  of  granite. 
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Test  results  confirmed  all  expectations.  Some  evidence  was 
obtained  of  cumulative  cracking  effects  from  successive  piercing  shots 
and  melt-cuts.  Use  of  the  electron  beam  for  spalling  was  also 
successfully  demonstrated. 

It  was  shown,  by  radiation  surveys,  that  the  problem  of  shielding 
against  x-rays  is  easily  accomplished  with  straight  forward  techniques. 

Nothing  showed  up  in  the  tests  which  would  preclude  considera¬ 
tion  of  the  electron  beam  rock  cutting  process  for  large-scale  operations. 
It  is  clear,  however,  that  the  present,  very  limited  test  results  do 
not  contain  sufficient  information  to  serve  as  a  basis  for  an  analysis 
of  an  integrated  electron-beam  excavation  system. 
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J.n  support  of  the  foregoing  effort,  laborato 
and  theoretical  studies  were  also  to  be  conducted  to  coi 
possible  to  predict,  the  thermal  stresses  and  the  resul 
fragmentation  for  various  cutting  strategies  and  electr 
meters  in  different  types  of  rock. 

When  part  of  the  above  program  was  completed 
the  carriage  for  the  electron  gun  and  other  field  suppo 
cost  much  more  than  anticipated,  and  with  the  remaining 
field  test  could  not  be  performed.  By  way  of  a  revisio 

*  . 

See  list  of  references  in  Appendix  C. 
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cunt rue c,  und  as  an  interim  objective  towards  the  overall  objective, 
it  was  therefore  decided  to  complete  the  construction  and  tests  on  a 
mobile,  field-worthy  electron  gun  for  rock  cutting,  and  to  use  it  for  u 
limited  series  of  process  studies  and  cutting  tests  on  a  large  block  of 
granite  which,  at  least  for  some  of  the  testa,  represented  a  quasi¬ 
infinite  rock  face. 

It  was  clear,  however,  that  a  proper  assessment  of  the  e.b. 
method  for  large  scale  cracking  of  rock  ledges,  etc,,  could  not  yet  be 
expected  from  such  limited  tests. 

Also  excluded  by  the  contract  revis ion  was  the  originally 
intended  Systems  Analysts  Study,  which  wa8  supposed  to  project  the 
conclusions  of  the  tests  into  reference  with  a  productive  rapid  hard 
rock  excavation  system;  such  a  study  can  only  be  based  on  full-scale 
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2 .  REPORT  SUMMARY 


A  carriage  was  designed  and  built  for  .’taking  an  electron  gun 
sufficiently  mobile  to  use  it  in  a  series  of  electron  beam  rock  cutting 
tests  on  a  semi-infinite  rock  face.  (The  gun  and  its  auxiliaries  were 
not  built  under  contract  but  are  Westinghouse  property  existing  prior 
to  this  contract.)  When  the  gun  was  to  be  attached  to  the  carriage, 
difficulties  were  encountered  which  necessitated  redesigns  and  modifi¬ 
cations  of  the  carriage;  these  were  costly  and  time  consuming.  In  the 
preparations  for  field  tests  unexpected  expenses  were  encountered  also. 

With  the  available  funds  it  was  therefore  only  possible  to  check  out 
the  electron  gun  in  a  limited  number  of  tests  on  a  6  ft.  cube  of  granite. 
These  tests  were  made  with  the  equipment  to  be  used  in  the  field  tests, 
and  were  made  outdoors. 

The  electron  gun  performed  as  expected.  Some  evidence  was 
obtained  of  cumulative  cracking  effects  from  successive  piercing  shots 
and  melt-cuts,  although  a  6  ft.  specimen  is  too  small  for  any  demonstra¬ 
tion  of  effects  of  the  size  one  would  expect  when  working  on  a  larger 
rock  face.  Therefore  the  present,  very  limited  test  results  cannot  yet 
be  used  as  a  basis  for  excavation  systems  analysis,  and  no  such  analysis 
has  been  made.  On  the  other  hand  nothing  unfavorable  has  shown  up  in 
the  outdoor  tests  which  would  affect  earlier  estimates  of  the  efficiency 
of  the  electron  beam  rock  cutting  process  in  large  scale  operation.  In 
fact,  a  remotely  controlled,  "long  barrel"  electron  gun  has  been  success¬ 
fully  demonstrated.  It  has  also  been  shown,  by  cureful  x-ray  surveys,  that 
shielding  against  the  x-rays  poses  no  problems. 

Another  task  under  the  contract  called  for  the  development 
of  a  mathematical  model  describing  the  electron  beam  piercing  process 
and  the  subsequent  development  of  thermal  stresses,  up  to  the  point  of 
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cracking.  This  was  successfully  accomplished  and  a  model  devised  which 
shows  the  influence  of  various  critical  parameters  on  the  process,  and 
which  agrees  reasonably  well  with  test  results  of  a  number  of  evaluative 
laboratory  tests  and  the  outdoor  tests. 
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3.  INTRODUCTION 


The  reasons  why  one  may  consider  focused  electron  beams  as 
tools  for  rock  cutting  lie  in  the  unique  properties  of  this  tool  which 
shall  be  briefly  described  here  in  order  that  the  later  discussion  of 
the  test  results  may  be  understood  better.  In  the  electron  gun 
electric  energy  is  converted  into  electron  beam  energy  and,  surprising 
as  this  may  sound  to  many  people,  the  conversion  efficiency  is  better 
than  90%.  Even  if  we  consider  the  power  needed  by  all  auxiliary  equip¬ 
ment  of  the  machine  the  conversion  efficiency  is  yet  better  than  75%. 

At  the  same  time  the  total  power  in  a  single  electron  beam  which  is 
presently  about  30  kW  can  readily  be  increased  to  100  kW  and  more. 
Single-beam  guns  with  over  1  MW  of  beam  power  have  been  built  for 
steel  furnaces. 

The  electrons  are  bullets,  and  their  energy  is  carried  as 

kinetic  energy  and  not,  as  one  might  think,  in  the  form  of  electrical 

energy.  The  energy  flux  that  can  be  achieved  is  highly  directional; 

10  2 

we  find  for  the  radiance  a  value  of  more  than  10  W/cm  sr  in  a  150  kV 

beam.  This  means,  if  we  focus  the  beam  so  as  to  get  a  power  density  of 
6  2 

10  W/cm  the  angular  aperture  of  the  beam  will  still  be  less  than  1°. 
This  directionality  is  disturbed  and  destroyed  when  the  electrons  are 
scattered  In  matter  of  high  density;  let  it  suffice  here  to  say  that 
hot  gas  (hot  rock  vapor)  is  not  of  such  high  density  as  to  impede 
our  process. 
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PIC.  3-i  Generalised  Schematic  of  Rock  Breaking  Operation  by  Means 
of  a  Focused  Electron  Beam. 

Where  c he  focused  electron  beam  Impinges,  the  rock  will 
melt  and  vaporize  Immediately.  A  simple  calculation  shows  (see 
Section  3)  the  unit  front  will  travel  into  the  rock  to  a  depth  of 
2  to  (>  Inches  with  a  speed  much  faster  than  the  heat  wave,  which 
obviously  also  emanates  from  the  melt  front..  Stating  the  same  facts 


differently:  we  vaporize  a  deep  and  narrow  hole  into  a  rock  within 
10  to  60  seconds,  and  the  heat  does  not  spread  very  far  in  this  period 
of  time  compared  with  the  depth  of  the  hole.  We  have,  initially,  a 
kind  of  drilling  process.  There  is  some  back  scatter  of  electrons, 
but  it  is  less  than  5%;  in  general,  the  coupling  efficiency  of  the 
energy  into  the  rock  is  very  good . 

The  drilling  process  slows  down  when  the  depths  of  the 
cavity  becomes  so  great  that  the  power  density  is  diminished  by 
electron  scattering;  yet  then  we  have  already  a  depth-to-width  ratio 
for  the  cavity  between  5:1  and  10:1  with  an  actual  depth  of  2  to  8 
inches.  If  we  now  simply  keep  the  electron  beam  going,  additional 
power  is  pumped  into  this  cavity;  moreover,  it  is  mainly  released  at 
the  deepest  point.  .  Hence,  heat  is  flowing  into  the  rock  from  a 
"source"  which  is,  say,  6  inches  below  the  surface.  What  we  have 

accomplished  by  this  process  is  to  carry  considerable  amounts 
of  energy  quickly  deep  below  the  surface  of  the  rock  face.  The  expense 
which  we  incur  because  of  the  fact  that  we  vaporize  some  rock  is 
bearable,  because  the  total  volume  of  the  melted  and  vaporized  rock 
is  small,  because  of  the  great  depth-to-width  ratio  of  the  cavity. 

This  Is  typical  for  electron  beam  processes,  for  instance,  for  electron 
beam  welding  as  well;  the  high  depth-to-width  ratio  is  something  like 
a  trademark  for  electron  beam  tools. 

Now,  as  a  first  mode  of  usage  we  can  obviously  move  the 
electron  beam  laterally  along  and  make  narrow  and  deep  melt  cuts  in 
any  kind  of  material,  More  about  this  aspect  later.  Neither  hardness 
uur  melting  point  matters. 

The  following  is  more  important.  Concurrently  with  the 
melting  process  there  is  heat  flowing  into  the  rock.  Very  steep 
thermal  gradients  and  high  thermal  stresses  are  produced.  It  is 
important  that  these  thermal  stresses  are  static  in  nature  and  remain 
behind  after  the  electron  beam  is  moved  or  switched  off.  Stress 
fields,  computed  for  certain  temperature  distributions,  are  shown  and 
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discussed  in  Section  5.  The  stresses  extend  far  into  the  cold  region  j 

and  further  than  the  depth  of  the  cavity.  Fortunately,  roc  as  are 

brittle  and  sooner  or  later  every  rock  will  break  under  these  thermal  ■  j 

stresses.  If  we  use  this  aspect  of  our  process  intelligently,  we  can  •  3 

break  much  more  rock  than  by  simply  making  thin  melt  cuts.  In  other 
words,  we  have  now  two  different  processes  available  for  the  use  of 
an  electron  beam  of  high  power  density,  namely,  (i)  making  melt  cuts, 
or  (ii)  fracturing  rock  on  account  of  the  induced  thermal  stresses. 

There  is  a  third  process  to  which  the  electron  beam  energy 

i 

can  be  applied,  although  it  works  only  in  certain  types  of  rock,  j 

namely:  (iii)  spalling  of  the  rock  surface.  To  keep  a  spalling  process 

going  the  energy  input  densi'y  must  be  kept  at  just  the  right  level;  ! 

it  will  therefore  be  of  no  advantage  that  the  electron  beam  can  supply 

more.  Nevertheless,  the  high  coupling  efficiency  of  the  e.b.  power 

input  can  be  advantageous,  and  under  certain  conditions,  this  is  a 

third  mode  of  operat ion  for  the  electron  gun  where  it  may  be  superior 

to  the  flame  or  radiant  heating. 


Sometimes  It  la  only  required  to  make  a  cut  into  a  rock, 
rather  than  to  break  it  up  Into  pieces.  Tin-  tlilunont  hairline  crack 
will  separate  the  parts  and  sever  the  cel,  rome,  I  his  may  |u>  all  that 
Ik  needed  If  big  blocks  can  lie  moved  and  removed  In  tutu,  an  may  bo 
the  caso  in  certain  tunneling  operat  inert,  hot  not  In  mining, 

The  traditional  tool  lor  this  (oh  is  the  thin  blade  saw 
or  abrasive  <I1hc,  For  rocks  l(  mum  I  a  diamond  nnw  or  a  wire  saw. 
Neither  la  suited  for  large  male  tunneling, 

For  tunnel  lug  much  Imih  beau  talked  about  kei I -cutt lng; 
tne  outline  of  the  tunnel  in  cut  lit  or, let  to  gel  a  smooth  wall,  then 
Cite  inner  part  may  he  removed  even  by  drilling  and  blasting,  thu 
cracks  will  not  jump  the  kurt  and  the  outHlde  wall  will  stay  smooth 
and  sound . 

'J 


What  matters  in  kerf-cutting  is  the  energy  needed  per  unit 
of  length;  the  width  of  the  kerf  hardly  matters  as  far  as  the  purpose 
of  the  kerf  is  concerned,  but  it  affects  the  energy  which  must  be 
supplied. 

As  already  mentioned  the  electron  beam  can  make  a  narrow 

melt-cut.  Since  the  energy  flux  density  in  the  focused  beam  is  in  the 

5  7  2 

order  of  10  to  10  W/cm,  the  melt-front  travels  extremely  fastj  and  the 
process  is  quasi-adiabatic  (no  heat  loss  by  conduction).  The  melt-front 
speed  is,  in  practice,  limited  not  by  power  density  but  by  fluid-flow 
processes.  The  melt  must  flow  cut  of  the  beam  path  or  it  will  be 
removed  by  vaporization.  Ultimately,  in  the  worst  possible  case,  if  all 
material  has  to  be  removed  by  vaporization,  the  cutting  rate  will  be 
determined  by  the  speed  of  the  vapor-front.  This  is  not  as  bad  as  it 
sounds,  because  the  beam  spot  and  vapor  channel  in  which  the  beam  travels 
is  less  than  .3  cm  wide.  Hence,  the  higher  specific  energy  requirement 
of  vaporization  is  offset  by  the  narrowness  of  the  cut  and  the  total 
energy  per  unit  kerf  length  remains  low;  the  electron  beam  represents 
a  "thin  sawblade". 

With  the  electron  beam  we  need  no  mechanical  force  to  make 
a  melt  cut;  there  is  not  even  physical  contact  between  the  machine  and 
the  rock.  The  energy  coupling  into  the  rock  is  between  70%  and  90% 
efficient  and  the  amount  of  energy  deliverable  to  the  rock  is  not 
limited  by  heat  conduction  of  rock  or  tool  as,  for  instance,  in  the 
case  of  flame  or  infra-red  radiation'. 

The  observed  penetration  rate  of  a  focused  10  kW  electron 
beam  into  rock  is  over  1  cm/sec.  Higher  power  could  be  used  to  pierce 
even  faster  or  to  cut  a  longer  slot.  This  is  certainly  the  fastest  process 
known  to  sever  the  coherence  of  rock  in  a  controlled  way.  The  task  is 
to  utilize  it  without  running  into  the  natural  limitations  of  the  process. 

The  natural  limitation  of  the  process  is  determined  by 
electron  scattering,  which  diminishes  the  power  density,  and  causes 
the  cut  to  become  wider  and  the  piercing  rate  to  alow  down  with  depth. 
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A  maximum  depth  where  the  above  piercing  rate  applies  is  between  5  and 
10  cm  (depending  upon  beam  voltage  and  total  power) .  But  by  cutting 
a  double-kerf  with  a  properly  built  electron  gun  the  inherent  process 
efficiency  can  yet.  be  utilized  for  cutting  kerfs  as  deep  as  20  to  30  m, 
should  this  really  be  needed  and  make  sense. 

So  far  only  a  limited  amount  of  experimentation  and  theoretical 
analysis  has  been  done  compared  with  these  diversified  aspects  of  the 
electron  beam  as  a  cutting  tool.  Theoretical  studies  under  this 
contract  are  reported  in  Section  5f  and  tests  made  are  reported  in 
Section  4. 


4.  ELECTRON  BEAM  ROCK  CUTTING  TESTS 

In  the  following  Section  4.1  the  experimental  observations 
and  results  will  be  summarized  which  we  had  obtained  in  some  earlier 
laboratory  tests.  Thus  certain  comparisons  can  be  made  with  the 
recent  contractual  tests  using  the  mobile  field  test  equipment  on  a 
16  ton  block  of  granite  which  are  reported  in  Section  4.3. 

4 . 1  Earlier  Laboratory  Studies  of  the  Electron  Beam 

Piercing,  Melting,  Spalling,  and  Cracking  P recesses* 

4.1.0  Ceneral  Comments 

The  use  of  the  electron  beam  for  cutting  rocks  depends 

completely  upon  the  availability  of  the  non-vacuum  electron  gun  with  a 

focussed,  high-power-density  beam.  This  machine  has,  fortunately, 

seen  a  steady  evolutionary  development  since  the  first  model  was 
g 

built  in  1950.  Higher  power  machines  of  tills  type  were  developed  for 
welding,  and  only  after  they  had  become  available,  could  one  appraise 
(and  take  advantage  of)  the  higli  power  density  features  of  the  electron 
beam  outside  the  vacuum,  becuuse  certain  aspects  of  the  process 
depoir '■  upon  total  power,  as  well  as  in  power  density.  For  Instance, 
beam  .scattering  is  lower  the  hotter  the  gases  and  vapors  In  the  beam 
path;  and  with  Increased  total  power  the  work  area  becomes  hotter,  since 
heat  conduction  and  convection  losses  become  ol  less  and  less  relative 
importance. 

With  the  high-power,  atmospheric* elect ron  gun  available  at 
the  Weatlnghouse  Research  Laboratories  we  began,  in  1966,  soma  studies 


Not  on  contract  funds. 
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of  how  it  could  be  applied  to  large  scale  rock  cutting,  with  best  , 

advantage.  The  fact  as  such,  namely,  that  small  bodies  of  fragile  <j 

materials  could  be  shattered  by  bombardment  with  the  non-vacuum 
focused  electron  beam  had  already  been  demonstrated  with  the  above 
mentioned  very  first  machine. 

It  was  obvious  that  the  electron  gun  could  not  simply  be  j 

utilized  as  a  substitute  for  other  "heat-sources".  Other  people,'*' 
having  only  such  a  substitution  in  mind,  and  not  being  aware  of  the  ! 

focused  non-vacuum  electron  gun,  have  therefore  ruled  out  the  use 

of  electron  beams  as  "impractical".  In  addition,  this  erroneous  ' 

conclusion  was  also  based  on  a  lack  of  knowledge  about  the  real  nature 
and  the  properties  of  electron  beams,  which  we  must  use  to  our 
advantage,  instead  of  being  confounded  by  them. 

The  following  sections  give  an  account  of  the  earlier 
observations.  Part,  but  not  all  of  the  material  presented  in  the 
following  section  has  been  published. 


4.1.1  Slmpl e  Obscrvat ions 

Placing  various  rocks  under  the  150  kV,  9  *W  electron  beam 
showed  that  the  beam  would  melt  a  hole,  or  cut  a  slot  when  traversed 
over  the  rock.  Vapor  would  alau  form.  A  stand-off  distance  between 
rock  face  and  gun  of  1/2  inch  was  safe;  no  damage  t<>  the  gun  would 
occur,  even  when  at  times  the  molten  rock  would  rise  and  stick  to  the 
end  plate  of  the  gun.  Sooner  or  later  most  of  the  specimens  would 
crack  up  under  the  thermal  stresses;  only  concrete  blocks  would  not 
crack.  (Hut  later,  with  higher  power,  using  larger  blocks  and  longer 


See  also  References  3  and  4. 
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piercing  times,  wo  found  that  oven  eonoreco  will  crack).  The  mall 

of  some  rocks  fiowod  like  water,  in  ocher  oases  it  was  tacky  like 

pitch;  in  some  cases  there  was  hardly  any  me.lt  at  all  but  only 

decomposition  vapors  and  dust,  e.g,  in  case  of  limestone .  Hue  always 

(even  in  .limestone)  u  deep  and  narrow  cavity  or  cut  wan  formed.  Some 

rocks  showed  spalling,  oven  at  6  inch  distances  from  Ch«  gun,  notably 

those  with  a  high  quart/  content.  These  same  types  would  aLiio  crack 

very  early  when  pierced,  time  limiting  the  depth  of:  the  piercing 

cavity  to  about  2  inches  before  cracking  occurred.  (Of  course,  one 

could  continue  piercing  and  drill  deeper,  even  after  the  cracks  had 

formed.)  This  indicated  that  somewhere  there  ware  inherent  scaling 

laws  which  must  be  watched.  Placing  moine  specimens  under  water,  wo 
5 

could  demonstrate,  as  expected,  that  the  process  is  little,  if  any, 
affected  by  the  presence  of  water  (the  underlying  reasons  are 
discussed  in  Section  5.6).  There  was  also  a  well-defined  relationship 
between  cutting  speed  and  depth.  The  process  speed  increased 
proportional  with  increasing  power. 

It  was  always  understood  that  at  higher  beam  voltages  tho 
electrons  are  scattered  .less  by  gases  and  vapors  and  would  therefore 
produce  piercing  holes  or  melt-cuts  showing  a  yet  greater  depth-to- 
width  ratio.  We  could,  unfortunately,  not  yet  make  any  tests  at 
voltages  above  160  kV,  which  is  the  limit  of  the  presently  available 
power  supplies.  There  was  no  point  in  making  tests  at  lower  voltages. 
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A  ,1 . 2  Tho  Piorcing  Proeens 

Am  one  would  «xp«ct,  an  electron  beam  piercing  hole  guts 
deeper  the  longer  the  beam  is  applied,  but  one  also  baa  to  expect  u 
f ini  to  limit  because  of  the  scattering  of  the  electrons.  Early 
observations  showed  that  the  holes  stayed  narrow  (1/2  to  3/A  inch 
diameter)  over  a  considerable  depth  (2  to  A  inch).  They  were  sometimes 
pointed  at  the  bottom,  sometimes  round,  as  Fig.  A, 1-1  shows.  In  a 
coarse  granite,  (a)  in  Fig.  A. 1-1,  a  black  glassy  melt  formed  and 
dripped  out.  A  sandstone  (b)  showed  a  point  cavity  with  a  glass- 
lined  wall  which  split.  Another  sandstone  (c)  showed  a  rounded  cavity 
with  glass  beuds  sticking  to  the  wall.  A  grano-diorite  formed  a 
glass-lined  chimney  which  broke  away  as  a  complete  tube;  this  also 
happened  in  the  limestone  of  picture  (e),  but  not:  in  all  limestones; 
in  the  granite  of  picture  (f)  the  cavity-tube  remained  stuck. 

Quartzite  always  showed  the  "glass-tube"  as  for  instance  in  Fig. 

A. 1-6. 

At  a  later  time  we  also  obtained,  through  the  courtesy  of 
the  White  Pine  Copper  Company,  samples  of  a  copper  ore  from  Michigan, 
a  siliceous  shale.  Typical  piercing  cavities  can  be  seen  in  Fig. 

A. 1-7.  They  are  glass-lined,  and  the  glass  tube  splits  in  half  when 
the  rock  cracks;  most  of  the  cavity  material  has  flown  out  or  been 
vaporized.  The  same  is  true  for  the  black  gabbro  of  Fig.  4.1-4(b) 
and  Fig.  A. 3-10.  Two  spectacular  holes  of  3.2"  diameter  and  8" 
depth  developed  in  a  block  of  norite,  a  nickel  ore  from  Sudbury, 
Ontario,  obtained  through  the  courtesy  of  the  International  Nickel 
Company  of  Canada.  Fig.  4.1-14  to  18  show  this  block  and  the  piercing 
holes. 

In  an  attempt  to  obtain  a  fuller  understanding  of  the 
process,  we  analyzed  the  conditions  necessary  for  obtaining  a  high 
depth-to-width  ratio,  and  the  factors  limiting  the  ultimate  depth 
of  a  cavity  or  melt  cut.  This  analysis  started  from  two  different 
points  of  view.  P.  C.  Klemens,^  of  the  Westinghouse  Research 
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Laboratories  analyzed  energy  distribution  aspects,  showing  a 
critical  power  density  threshold  must  be  exceeded  before  deep  pene¬ 
tration  could  commence.  The  electron  scattering  and  energy  input 

to  the  wall  of  the  cavity,  and  the  continuous  reduction  in  the 
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central  beam  power  density  were  studied  by  D.  C.  Schubert.  *  At 
the  time,  we  did  not  take  systematic  measurements  of  piercing  depth 
vs.  time.  Such  measurements  were  made  under  the  present  contract, 
in  support  of  the  theoretical  studies,  and  are  reported  in  Section 
5.1.  As  will  be  discussed  in  Section  4.3.2,  the  "Sierra  White" 
granite  differed  in  its  response  to  piercing  from  what  we  had  seen 
so  far. 


4.1.3  Melt-Cut  Depth  vs.  Speed 

Piercing  depth  as  function  of  time,  and  melt-cut  depth  as 
function  of  speed  are  theoretically  related,  but  in  practice  the 
flow  of  the  melt  and  similar  factors  dominate  the  process.  Therefore, 
the  depth  of  a  melt-cut  as  function  of  speed  and  power  must  be 
experimentally  determined.  Not  to  be  confused  by  the  cracking  of  the 
specimens,  we  took  a  block  of  concrete  to  determine  depth  as  function 
of  speed  for  two  power  levels.  Results  are  shown  in  Fig.  4.1-2  and 
3.  The  slower  the  cut,  the  deeper  the  melt-zone  as  one  would  expect. 
However,  the  slower  cut  will  also  be  wider,  and  more  material  is 
melted  per  unit  length  of  the  cut,  then  the  increase  in  depth  alone 
would  Indicate.  A  better  measure  for  the  efficiency  is  the  cross- 
sectional  area  which  the  electron  beam  "knife"  cutd  out  as  a  function 
of  time  or  of  energy  expended.  Obviously,  this  cross-section  is 
given  by  the  product  of  depth  x  speed,  which  is  also  shown  in  Fig. 
4.1-3.  It  increases  drastically  with  speed  between  1  inch  per  minute 
and  10  inch  per  minute;  even  up  to  30  inch  per  minute  it  will  increase 
with  speed  although  not  as  pronounced.  Hence,  it  costs  less  energy 
to  make  a  3  inch  deep  cut  in  3  runs  at  14  IPM  each  (effective  speed 
4.6  IPM)  than  in  1  run  at  2  IPM,  as  we  would  need  to  do  (curve  for 
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9  kW  of  Fig.  4.1-3).  The  only  question  is,  are  3  successive  runs 
strictly  additive?  This  question  is  not  fully  answered  as  of  today. 
The  effect  of  multiple  runs  is  certainly  not  additive  if  the  debris 
after  each  run  remains  trapped  in  the  cut.  It  also  depends  on  the 
stand-off  distance,  and  whether  or  not  this  can  be  or  is  adjusted 
after  each  run.  We  have  not  had  an  opportunity  to  make  systematic 
tests;  in  Section  4.1.7  and  4.3.3  some  relevant  observations  are 
reported . 

Figure  4,1-3  also  shows  that  with  twice  the  power,  one 
can  cut  equally  deep  at  twice  the  speed.  (At  the  same  speed,  one 
cannot  cut  twice  as  deep,  for  reasons  explained  above.) 

In  other  types  of  rock,  a  cutting  depth  of  2"  resulted 
rather  consistently  with  a  speed  of  4  inch  per  minute  and  9  kW  of 
power.  The  heat  of  melting  being  net  very  different  for  different 
rocks,  it  does  apparently  not  matter  much  whether  the  melt  flows  out 
or  remains  in  the  cut,  as  long  as  only  the  beam  moves  into  fresh, 
solid  rock  and  the  debris  does  not  flow  into  the  beam,  or  block  the 
beam  in  other  ways.  Figure  4.1-4  shows  other  examples  of  such 
melt-cuts.  The  associated  breakage  shall  be  discussed  later. 

4.1.4  Flow  of  the  Molten  Rock  and  Manipulation  of  This  Flow 

It  was  evident  from  the  very  first  observations  that  the 
viscosity  of  the  molten  rock  varied  between  wide  limits,  from  a 
plastic  tackiness  to  a  watery  flow.  An  example  for  the  tacky  type 
can  be  seen  in  Fig.  4.1-l(f)  and  4.1-4(a)  whereas  the  watery  flow 
is  evident  from  Fig,  4.i-4(b)  and  Fig.  4.1-5. 

This  is  actually  nothing  new;  people  experimenting  with 
flame-jet  melting  have  observed  this  behavior  of  the  different  melts. 
The  suggestion  has  been  made  by  Margilof f ^  to  add  fluxes  to  the 
melt,  like  borax  and  soda  in  the  form  of  a  powder;  this  lowers  the 
melting  temperature  and  can  also  increase  the  fluidity  of  the  melt. 
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For  the  cutting  speeds  which  we  are  considering  this  would  be  too  slow 
a  process. 

We  tried,  but  not  very  systematically,  blowing  away  the  melt 
with  an  air  jet.  The  jet-force  must  be  considerable  to  overcome 
surface  tension  and  inertial  resistance;  besides,  it  has  a  chilling 
effect  on  the  melt  making  it  more  tacky.  We  have  not  yet  tried  water 
jets.  They  may,  due  to  the  quenching  effect,  break  up  the  glass 
which  forms,  and  thereby  permit  easier  removal.  A  simple  test  with 
a  water-overflow  was  made  later  and  is  recorded  in  Section  4. 3. A. 

Every  such  additional  manipulation  is  a  complication  as  far 
as  the  practical  operation  is  concerned.  We  should  therefore  examine 
what  is  really  needed.  Actually,  for  effective  cutting  and  piercing, 
the  only  region  which  should  be  kept  free  of  the  melt  is  the  narrow 
path  of  the  electron  beam  itself.  This  may  be  best  accomplished  by 
a  gas  jet  concentric  with  the  beam;  no  systematic  tests  have  been 
made. 

It  is  also  evident  that  a  melt-cut  made  vertically  upwards 
will  leave  the  melt  below  and  will  continuously  expose  new  rock  to 
the  beam;  not  so  in  a  cut  made  vertically  downwards.  On  the  other 
hand,  we  did,  surprisingly,  not  find  much  difference  in  the  effective¬ 
ness  of  downwards  and  horizontal  piercing  (see  Section  4.1.7);  but 
more  systematic  experiments  would  be  desirable. 

4,1.5  Thermal  Stresses  and  Stress-Cracking — Observations 

Differential  thermal  expansion  due  to  temperature  differences 
take  place  in  all  types  of  rock  when  pierced  by  the  electron  beam,  and 
since  all  rocka  are  brittle,  all  will  sooner  or  later  break.  In  rocks 
containing  quartz,  an  additional  effect  producing  high  stresses  is 
the  well-known  phase  transition  which  occurs  at  573°C  and  which  is 
associated  with  a  1%  increase  in  volume.  Hence,  rocks  containing 
quartz  break  particularly  easily,  as  already  our  first  observations 
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FIG.  4.1-5 


Silt-Stone  (White  Pine  Copper  Ore) 
Being  Pierced  by  a  Horizontal 
Electron  Beam  Shows  the  Watery 
Flow  of  the  Melt  from  the  Piercing 
Hole. 


showed.  Figure  4.1-6  is  a  particularly  striking  example.  All  the 
specimens  shown  in  Fig.  4.1-1  and  4.1-4  show  cracking,  except  that 
the  breakage  in  the  granite  of  Fig.  4.1-4a  is  localized.  But  then,  a 
second  melt-cut  made  over  the  same  track  produced  a  crack  splitting 
the  whole  blo'-k. 

The  fastest  response  we  obtained  when  piercing  the  copper 
ore,  shown  in  Fig.  4,l-4c  and  Fig.  4.1-7.  Apart  from  having  a 
siiicous  bond,  this  shale  contains  a  large  amount  of  water,  which 
could  be  observed  immediately  after  a  crack  had  formed.  The  cracked 
surfaces  showed  large  patches  of  moisture,  for  example,  the  black 
area  on  the  right  hand  face  in  Fig.  4.1-7.  Such  spots  dried  up  in 
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10  to  20  seconds.  The  water  in  some  places  was  steaming.  Obviously, 
the  water  vapor  pressure  aids  to  the  cracking. 

Two  more  of  the  early  observations  must  be  mentioned.  In 
layered  rock,  the  silt-stone  for  instance,  a  piercing  shot  perpendi¬ 
cular  to  the  layers  would  lift-off,  in  a  kind  of  ablative  mode, 
layers  as  thick  as  the  piercing  cavity  was  deep,  e.g.,  2  to  4  inches. 
Figure  4.1-8  is  an  example.  This  mode  should  work  in  the  same  way 
even  on  a  semi- inf inite  rock  face,  when  the  pzer~ing  holes  are  spaced 
12  to  24  inches  apart. 
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The  other  observation  concerns  the  breakage  associated  with 
a  melt-cut;  namely,  the  fact  tiiat  it  can  be  surprisingly  smooth  and 
straight.  Figure  4.1-9  is  an  example.;  it  shows  the  same  block  of 
black  gabbro  as  Fig.  4.1-4b.  This  smooth  breakage  is  obviously  partly 
the  result  of  the  symmetry  of  the  thermal  stresses.  Note  also  that 
the  block  of  Fig.  4.1-7  broke  along  a  surface  containing  both  piercing 
cavities.  But  the  collective  effect  of  several  piercing  holes  has 
not  been  studied  further. 


FIC.  4.1-9  Oklahoma  Black  Gabbro  Cracked  In  a  Single  Passage 
with  a  IS  kW  Beam  Traveling  4"/Min. 
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4.2  Equipment  and  Set-Up  for  EL  old  Teats 

A  description  of  the  rock  cut tor  electron  nun,  which  waa 
built  on  Westinghouae  funds,  has  already  been  presented  elsewhere. 

To  understand  what,  was  done  during  the  actual  rock  cutting 
teats,  it  ia  sufficient  to  describe  here  the  equipment  and  setup  "as 
it  looks  from  the  outside".  This  is  indeed  all  the  user  or  operator 
needs  to  know. 

Figure  4.2-1  shows  the  electron  gun  prior  to  H,a  assembly 
on  the  5-axe.s  carriage.  The  control  cabinet  can  ho  seen  in  the 
background.  Figure  4,2-2  is  another  view.  As  compared  with  the 
previous  figure,  a  slight  change  will  be  noted  insofar  as  beam 
position  sensors  have  been  added  to  the  long  nose  gun  column,  making 
it  2"  higher;  Fig.  4.2-3  shows  details  of  the  control  cabinet..  A 
description  of  the  .1-axes  gun  carriage  can  be  found  in  Appendix  A. 
Figure  4.2-4  shows  the  gun  mounted  on  this  carriage. 

A  general  layout  for  any  field  test  site  is  shown  in  Fig. 
4.2-5,  and  Fig,  4.2-6  shows  a  scale  drawing  of  the  In-plant  test  site 
at  Sunnyvale,  where  the  tests  described  in  Section  4.3  were  made. 

This  was  an  existing,  radiation  proof  enclosure  in  the  factory  yard; 
if  was  previously  used  for  gamma-ray  radiography  of  heavy  sections 
of  machinery.  A  view  of  this  facility  from  the  outside  is  provided 
in  Fig.  4.2-7.  The  entrance  and  operator's  station  iu  shown  in 
Fig.  4.2-8  and  4.2-9. 
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2  View  of  t  hi>  trout  end  on  the  gun  front  above.  The  foremost 
sec  L  1  i'u  Is  a  romovahlo  and  replaceable  copper  sheet  shroud 
with  molybdenum  face  plate.  The  large  rectangular  box 
sect  ion  Is  a  lead  shield  on  an  angle  Iron  frame  which  is 
sturdy  enough  to  protect  against  falling  rock,,  etc.  The 
viewing  optics  for  the  beam  position  sensors  are  under¬ 
neath  the  lead  shroud,  hut  the  phototube  sensors  are 
located  in  the  two  cubical  boxes  on  top,  which  have  not 
yet  been  shrouded  (missing  in  Figure  4.2-1) 


FIG.  4.2-3  Control  cabinet  for  the  electron  gun.  The  left  hand  side 
holds:  3  vacuum  gage  read-outs,  3  timers,  5  temperature 
indicators  and  interlocks  from  the  thermocouples  attached 
to  the  gun  nozzles,  and  the  magnetic  lens  and  deflection 
coil  controls.  On  the  right,  the  9  identical  meters  show 
primary  voltage  and  current  into  each  of  the  three  power 
supplies,  and  d.c.  current  drawn  from  each  supply.  The 
3  large  meters  shown  d.c.  high  voltage,  cathode  emission 
curtent,  and  transmitted  current  if  the  gun  fires  into  a 
catcher;  (if  it  fires  into  a  rock,  it  runs  "blind").  The 
two  medium  size  meters  show  cathode  input  (heater)  voltage 
and  current. 
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Fig.  4,2-4  -  Electron  gun  mounted  on  the  5-axes  carriage  ni  the  Mold 

test  installation.  A  granite  block  (i  is  the  lest  specimen. 
The  lead  panels  S intercept  the  direct  x-ray  beam. 
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FIG.  A. 2-6  In-plant  test  site  at  Sunnyvale;  to  scale. 
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Fig.  4.2-10  Gun  ready  for  action;  the  hinged  lead  panel  E  and  the  sky- 
shine-shields  S  intercept  all  primary  x-rays  coming  from 
the  cutting  area. 


In  this  situation,  where  the  work  area  is  open  on  top,  it 
is  necessary  to  block  the  direct  x-rays  from  the  target  area  by  a  lead 
panel  which  is  hanging  on  the  gun,  as  shown  in  Fig.  4.2-10,  and  by  a 
sky-shine-shield  consisting  of  an  overhead  lead  panel  and  two  side 
panels,  all  visible  in  Fig  4.2-4  and  4.2-10.  The  suspension  of 
the  sky-shine-shield  from  overhead  is  shown  in  Fig.  4.2-11  whereas 
Fig.  4.2-12  shows  how  the  test  pe-.  -■  .eo,  a  6  ft.  cube  of  granite, 
can  yet  be  turned  by  lifting  i*  wi.h  an  overhead  cr^ne ,  (Motorized 
crane  driving  up  to  the  outside  of  the  radiation  enclosure). 

To  see  the  elev  trun  beam  in  action,  it  is  necessary  to  have 
some  simple  mirror-periscopes  to  look  over  or  around  the  x-ray  shield. 
One  such  periscope  is  shown  in  Fig.  4.2-7.  The  very  same  type  was 
provided  at  the  operator’s  station.  Fig.  4.2-13  shows  what  the 
operator  can  see  through  this  device.  Figure  4.2-14  shows  the 
observation  mirrors  on  the  loft  of  the  x-ray  shield. 
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A  telescope/periscope  was  projecting  through  a  hole  in  the 
lead  door,  Fig,  4.2-15.  It  was  not  necessary  to  close  this  port  with 
lead  glass. 

The  16  mm  movie  camera,  used  to  record  some  of  the  tests, 
was  housed  in  a  lead  box  with  a  hole  for  the  objective,  and  a  mirror 
to  bend  the  viewing  direction  by  90°.  This  was  always  sufficient  to 
prevent  x-ray  exposure  of  the  film.  Figure  4.2-16  shows  this  camera. 


LEAD  SHIELD  MIRROR  AliOVF. 

ON  LEFT  SIDE  OPERATOR'S  STAND 

OF  ROCK 

FIG.  4.2-13  Operator's  view  of  gun  and  work  area  through  overhead 
mirror  periscope.  The  lead  panel  E  of  Figure  4.2-10 
has  been  removed. 


Cutting  action  as  seen  by  operator  through  the  overhead  periscope  and 
the  mirror  above  the  rock.  This  mirror  was  quickly  covered  by  dust 
and  became  unusable. 


Movie  light 
Upper  Mirror 
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Fig,  A. 2-16 

Movie  camera  in 
its  load  box  (door 
open) 5  on  the 
tight  la  the  Croat, 
uurCaco  mirror. 


A  SLR  camera,  frame  siae  18  \  36  mm,  could  be  held  against 
the  eyepiece  of  the  telescope/periscope  shown  in  Fig,  4.2-15.  It 
would  record  nearly  the  full  field  of  view  but  not  all  dotails  an 
observer  could  see,  because  of  the  limited  quality  of  the  mirrors 
which  were  used,  and  some  vibration  which  was  always  present.  The 
extreme  brightness  of  the  cutting  area  posed  additional  problems  for 
the  photography. 


For  future  tests,  a  closed  circuit  TV-systein  should  i  ■; 
acquired,  which  can  be  coupled  to  the  moving  gun. 

Fig.  4.2-17  and  4.2-18  show  what  the  operator  could  see 
through  the  telescope,  which  was,  in  fact,  every  detail  of  the  cutting 
process.  The  photographs,  for  reasons  already  mentioned,  did  not 
always  come  out  as  well. 
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4 , 3  Flrat  1  .arge  Scale  Tests  on  Semi- Infinite  Rock  r’ace 
4.3.0  General  Comments 

The  teats  described  in  this  section  are  not  yet  "field 
teats."  Originally,  they  were  meant  to  check  out  the  machinery  prior 
to  going  into  the  field.  This  was  indeed  accomplished  and  is  reported 
in  detail  in  Section  6. 

The  test  specimen  which  was  used  in  these  tests  was  a  6  ft. 
cube  of  granite,  larger  than  any  teat  specimen  which  we  had  used  before. 
In  many  respects  it  already  represented  a  semi-infinite  rock  face  to 
the  beam,  especially  for  the  initial  attack  on  such  a  face.  We  could 
even  record  collective  effects,  due  to  sequential  piercing  and  cutting 
actions,  clearly  independent  of  specimen  size.  Yet  such  collective 
effects  could  not  be  tested  on  a  large  enough  scale,  because  the  limited 
size  of  the  block  precluded  any  cutting-out  of  ledges  etc.  of  large 
enough  size  to  take  deliberate  advantage  of  bulk  effects  and  study  the 
best  strategy  for  large  scale  breakage.  Some  bulk  effects  were 
however,  clearly  demonstrated  by  large-scale  cracking  toward  the  edges 
of  the  6  ft.  cube. 

It  was  unfortunate  that  this  was  the  only  big  test  specimen 
we  had,  because  it  was  not  a  particular  hard  rock  (only  20,000  psi), 
did  not  show  particularly  good  stress  propagation  (it  crumbled),  and 
did  not  form  a  free  flowing  glassy  melt.  In  short,  it  was  not  a  type  of 
rock  which  responded  most  favorably  to  the  electron  beam  piercing  and 
cracking  process.  It  is  all  the  more  remarkable  that  the  test  pr<  ed 
the  efficacy  of  the  e.b.  process  under  even  those  circumstances.  -here 
were  indications  that  tests  on  a  larger  scale,  on  a  larger  rock  ..as, 
would  have  shown  additional  efficiency;  in  other  words,  the  most 
favorable  scaling  relationships  between,  for  instance,  power  input  and 
breakage  size  have  not  yet  been  met  in  the  present  tests. 

In  the  following  the  tests  which  we  made  are  described  not 
necessarily  in  chronological  sequence,  because  initially  we  had  to  "get 
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the  feel  of  things,"  before  any  more  systematic  experiments,  could  be 
planned.  We  also  had  to  face  the  fact  of  very  limited  funds  available 
for  testing,  and  we  wanted  to  do  as  many  different  tests  as  possible  in 
short  time.  In  the  following  description  everything  about  a  particular 
kind  of  test  is  brought  together  in  one  sub-section,  although  the 
reported  experiments  were  not  necessarily  done  consecutively. 

4.5.1  Granite  Block  Test  Specimen 

The  granite  block  on  which  the  following  tests  were  made  is 
called  "Sierra  White  Granite",  and  it  came  from  the  same  quarry  at 
which  later  the  field  tests  were  to  be  made;  details  are  discussed  in 
Appendix  B.  Figure  B-3  shows  the  site. 

The  following  are  data  obtained  from  various  sources  which 
characterize  this  granite.  The  data  of  Tables  4.3-1  and  II  were 
supplied  by  the  Raymond  Granite  Co.  The  results  of  another  set  of  tests 
made  by  The  Robbins  Company  are  given  in  Table  4.3-III.  There  is  a 
significant  difference  in  the  compressive  strength  measured  by  Raymond 
and  by  Robbins.  The  latter  was  aware  of  the  data  given  by  Raymond.  The 
discrepancy  may  be  due  to  a  difference  in  the  origin  of  the  specimens  or 
due  to  other  factors.  We  did  not  ascertain  which  set  of  data  more 
closely  applies  to  the  6  ft.  cube  on  which  we  made  our  tests. 

Remarkable  also  is  the  considerable  weakening  of  the  com¬ 
pressive  strength  due  to  water,  as  revealed  by  the  Raymond  data.  That 

29 

thiG  can  occur  is  known,  but  apparently  not  fully  understood. 

Another  factor  which  may  have  much  to  do  with  the  crumbling 
of  the  rock  under  heat  (rather  than  melting)  is  the  high  content  of  CaO 
and  1^0  in  the  analysis.  Table  4.3-1'/  shows  some  decomposition  temp¬ 
eratures  for  CaCO^  etc.  which  are  of  interest  in  this  connection. 

From  thin  sections  we  obtained  the  mineral  analysis  of  the 
"Sierra  White,"  and  other  samples  which  we  used  later,  as  shown  in 
Table  4.3-V. 

*Vage  4.3-82. 
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The  test  block  was  an  accurately  sawed  cube,  fine  grained, 
and  uniform  in  the.  appearance  of  ail  its  faces. 


4.3.2  Reaction  to  Piercing 

(a)  Sierra  White  Granite 


When  the  electron  gun  and  the  6  ft.  cube  of  granite  were  in 
position,  and  before  any  systematic  test  program  could  be  formalized, 
we  had  to  find  out  how  this  particular  type  of  granite  would  behave 
under  the  electron  beam,  beginning  with  some  piercing  tests.  The  gun 
was  positioned  stationary  in  front  of  the  fresh  face  of  the  granite 
block  with  .8"  stand-off  distance  as  shown  in  Fig.  4.3-1.  A  16  kW  beam 
was  fired  into  the  rock  for  a  period  of  6  minutes.  As  expected,  the 
melt  from  this  granite  did  not  flow  freely  but  accumulated  between  rock 
face  and  gun  as  Bhown.  When  the  gun  was  removed,  the  melt  and  re-solid¬ 
ified  material  did  not  readily  fall  off  but  had  to  be  broken  out.  The 
final  hole  which  was  left  is  shown  in  the  same  figure.  The  spontaneous 
breakage  was  minimal,  only  a  surface  layer  of  about  1/2"  thickness 
lifted  off  on  the  base  of  that  piercing  hole.  The  piercing  cavity  as 
such  was  almost  as  wide  as  it  was  deep,  namely,  in  each  case  about 
3",  which  was  thought  quite  unusual.  Another  peculiarity  we  noted  was 
that  the  piercing  cavity  was  hollow  in  an  upward  direction  showing  a 
cave  or  dome  above  the  beam.  The  explanation  for  this  we  founu  only 
later . 


We  also  noted  that  the  walls  of  the  piercing  cavity  were 
covered  by  a  fine  powdery  dust,  as  we  had  found  in  laboratory  experiments 
piercing  limestone.  (See  Fig.  4.1-le).  Perhaps  the  rather  high  calcium 
content  of  this  particular  granite  is  responsible  for  it;  but  this  is 
mere  speculation.  It  was  significant  that  the  glassy  melt,  at  least 
after  it  had  resolidified,  did  not  stick  to  and  perhaps  never  had  good 
contact  with  the  walls  of  the  cavity;  and  there  were  no  fine  local  cracks 
in  the  wall  of  this  cavity  either.  This  was  certainly  different  from 
what  we  have  seen  in  other  types  of  rock,  even  in  some  other  types  of 
granite. 
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INSPECTION 


Lab.  No .  70651 

Mark .  "Raymond" 

Texture . .  Even 

Grain .  Fine 

Color  .  .....  Grayish  White 

Pyriten  .  Extremely  small  amount 

Classification  .  .  .  Muscovite-biotite  granite 

Weathering  .  Probably  very  resistant 


CHEMICAL  ANALYSIS 


Silica  (Si02)  73.92% 

Alumina  (A1?0  ).  .  . .  14.90% 

Ferric  oxide  iFe^O^)  . ) 

Ferrous  oxide  (FeO;  . ) .  1.95% 

Tltania  (TiO  ) .  0.14% 

Manganese  (MnO) .  0.24% 

Lime  (CaO)  .  3.28% 

Magnesia  (MgO)  .  0.68% 

Combined  water  (H„0)  .  0.32% 

Soda  (Na20)  .7 . ) 

Potash  (K20)  . ) .  4.51% 

PHYSICAL  PROPERTIES 

Specific  Gravity  .  2.64  „ 

Bulk  Density  (ASTM  C97-47)  .  164.8  lb. /ft. 

Absorption  (ASTM  C97-74)  .  0.27% 

Compressive  Strength,  Dry  (ASTM  C170-50)  .  34,800  psi 

Compressive  Strength,  Wet  (ASTM  C17Q-5Q)  .  26,000  psi 

Modulus  of  Rupture,  Dry  (ASTM  C99-52).  .  .  2050  psi 


Table  4,3-1:  PROPERTIES  OF  SIERRA  WHITE  GRANITE 
as  determined  by  Raymond  Granite  Company .Raymond ,  California  93653 
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LABORATORY  NO.  6-5351 

IDENTIFICATION: 

Sierra  White 

BULK  DENSITY:  (ASTM  C  97-47) 

Type  of  Specimens: 

2"  x  2"  x  2"  cubes 

Sample  Number: 

12  3 

Bulk  Specific  Gravity: 

2.64  2.65  2.64 

Bulk  Density  (PCF): 

164.6  165.2  164.6 

Average  Bulk  Density  (PCF) 

164.8 

ABSORPTION:  (ASTM  097-47) 

Type  of  Specimens: 

2"  x  2"  x  2"  cubes 

Sample  Number: 

12  3 

Absorption  (X): 

0.27  0.27  0.26 

Average  Absorption  (X): 

0.27 

COMPRESSIVE  STRENGTH:  (ASTM  0170-50) 

Type  of  Specimens: 

2"  x  2"  x  2"  cubes 

Condition  of  Specimens: 

Oven  Dry 

Sample  Number: 

12  3 

Compressive  Strength  (psi): 

36,600  35,600  32,200 

Average  Compressive  Strength  (psi): 

34,800 

COMPRESSIVE  STRENGTH:  (ASTM  0170-50) 

Type  of  Specimens: 

2"  x  2"  x  2"  cubes 

Condition  at  Test: 

Immersed  in  water  48  hours 

Sample  Number: 

12  3 

Compressive  Strength  (psi) 

23,500  27,400  27,200 

Average  Compressive  Strength  (psi) 

26,000 

MODULUS  OF  RUPTURE:  (ASTM  099-52) 

Type  of  Specimens: 

Approximate  4"  x  8"  x  2-1/4"  prism 

Condition  at  Test: 

Oven  Dry 

Span  Length: 

7  inches 

Sample  Number: 

12  3 

Modulus  of  Rupture  (psi): 

2060  2160  1920 

Average  Modulus  of  Rupture  (psi): 

2050 

Table  4.3-11:  Details  of  testa  by  the  Raymond  Granite 
Company 
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Robbins 

Identification 

Number 


671 


DATE :  Aug.  13,  1971 


Location  or 

Source  of  Rock _ United  States,  California,  Raymond 

Company  Submitting 

Rock  _ Westinghouse  (Raymond  Granite  Company) 


Rock  Petrology  Sierra  White  Granite  /  Muscovite-Biotite  Granite 


i  Specimen 
Identification 

Bedding 
Orientation 
to  Specimen 
Longitudinal 
|\  Axis 

Spec 
Dia. 
(in. ) 

imen 

Length 

(in.) 

Ultimate 
Load 
(lbs . ) 

Ultimate 

Compression 

Strength 

(psi) 

671  -1 

15° 

1.1 

2.16 

11,000 

11,600 

-2 

10 

1.1 

2.16 

18,000 

19,000 

-3 

10 

1.1 

2.13 

12,000 

12,700 

-4 

15 

1.1 

2.24 

16,500 

17,400 

-5 

30 

1.1 

2.28 

17,000 

17,900 

-6 

30 

. 

1.1 

2.18 

15,000 

15,800 

-7 

20 

1.1 

2.14 

15,500 

16,300 

-8 

20 

1.1 

2.23 

21,500 

22,600 

-9 

20 

2.03 

3.97 

51.5 

. 

17,100 

Abrasive  Index:  3.7 _ 

Cutability/Wearability  Index;  Normal  to  Difficult/Moderate  to  High 

Estimated  Penetration  Rate:  _ _ 

Comments:  Principal  Fracture  Path 


Table  4 . 3—1 II  Properties  as  determined  by  The  Robbins  Company, 
650  So.  Orcae  Street,  Seattle,  Washington  96108 
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Sierra  White  Granite 

Felspars  (Soda  and  Potash) 

55- 

•60% 

Quartz 

30- 

■35% 

Micas  (biotite  and  muscovite) 

10% 

Red  Granite  Sample 

Microcline  felspar 

60% 

Quartz 

'V 

33% 

Biotite 

'V 

5% 

Dark  opaque 

2% 

Black  Diorite— Monzonite  Sample 

Felspar  (plagioclase  ^  50% 

ortho-and  microcline  ^  20%) 

total 

'V 

70% 

57. 

Biotite  and  altered  ferro-magnesia 

minerals 

20% 

Dark  opaque 

'V 

5% 

Table  4.3-V:  Mineral  Composition  of  Test  Samples 

(Estimates  from  thin  sections,  made  at  the 
Westinghouse  Research  Laboratories). 

Aa  mentioned  before,  to  get  any  efficiency  in  this  thermal 
stress  cracking  mode,  one  has  to  watch  certain  scaling  parameters  which 
depend  upon  the  properties  of  the  particular  rock.  We  therefore 
increased  the  piercing  time,  firing  the  beam  into  a  second  spot  about 
6"  away  from  the  first  piercing  cavity  but  appearing  still  fresh  and 
unaffected  by  the  previous  shot.  Piercing  time  was  5  minutes. 
Itnmediatly  after  switching  off  the  beam  we  pulled  back  the  gun  and  the 
still  molten  aud  partly  resolidified  rock  which  stuck  to  the  end  plate 
of  the  electron  gun  was  pulled  out  of  the  hole  as  shown  in  Fig,  4.3-2. 
The  red  hot  rock,  still  being  plastic,  was  partly  pulled  apart  and  the 
volume  and  size  of  the  parts  which  were  extracted  appear  larger  than 
the  cavity. 


4.3-7 


First  pierring  test  on  the  "Sierra  White"  granite  block.  The  molt  shows 
extreme  tackiness;  with  the  cavity  being  wider  at  the  bottom  the  re¬ 
solidified  melt  must  be  broken  out  by  force.  Only  shallow  stress  cracks 
have  developed. 

Fig.  4.3-1 
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One  can  see  from  Figs.  4.3-2  that  the  hot  melt  has  accumulated 
J  at  the  bottom  and  there  is  a  hollow  cavity  above  the  plane  of  the  beam. 

j  The  cavity  left  in  the  rock  again  showed  the  hollow  dome  towards  the  top. 

i 

J 

Because  of  the  longer  piercing  time  the  cavity,  as  one 
}  would  expect,  was  deeper  namely,  5"  at  its  deepest  point.  This  was 

*  surprisingly  shallow  for  the  piercing  time  which  we  had  applied 

s  here.  In  other  rocks,  like  norite,  we  have  produced  cavities  of  6.5" 

J  in  depth  and  more,  with  this  power  input.  It  was  also  surprising!  that 

although  the  two  piercing  cavities  were  close,  there  was  no  breakage 
(  in  the  wall  which  was  left  standing  between  them  and  which  had  a 

thickness  of  about  1-1/2". 

j 

1  A  third  cavity  was  pierced,  once  more  6"  from  the  second 

one,  but  near  the  first  one.  After  4  1/2  minutes  of  piercing  the 

( 

debris  was  removed. 
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The  depth  obtained  in  this  piercing  shot  was  only  3.7"  which 
was  again  surprisingly  shallow.  The  dome  on  top  of  the  actual  beam 
axis  was  again  very  pronounced. 

While  surface  breaking  seemed  minimal,  we  noticed  by  knocking 
at  the  rock  face  with  a  hammer,  that  a  large  hollow  area  existed.  Pry¬ 
ing  loose  whatever  was  hollow  resulted  in  the  breakage  pattern  shown  in 
Fig.  4.3-3.  Obviously  the  thermal  stresses  had  lifted  a  slab  of  about 
1-1/2  ft.  in  diameter,  but  only  about  1/2"  thick.  There  were  scaling 
laws  at  work,  but  it  was  not  obvious  what  the  significant  factors  were. 

In  some  further  piercing  tests  we  found  always  the  same  behavior.  When 
the  melt  was  left  in  the  cavity,  to  cool,  and  then  pulled  out,  it  had 
typically  the  appearance  shown  in  Fig.  4.3-4,  where  the  photograph  on 
top  represents  a  plan-view  of  the  re-solid J f led  mult,  and  the  drawing 
below  is  a  side-view  cross  section  through  the  cavity.  That  part  of 
the  mass  which  is  labeled  "conglomerate"  did  not  look  as  If  It  has  been 
really  melted,  only  the  glassy  top  surface  looked  like  a  solidified 
melt.  Insofar  as  the  electron  gun  blocked  the  flow,  the  hot  vapors  which 
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Re-solidified  melt  from  a  piercing  cavity  and  typical  cross  section 
through  the  cavity. 

Fig.  4.3-4 
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wete  K  anted  produced  m  "chimney"  above  the  upper  edge  or  i  he  gun 
lacei  tbia  l#  put  t  iculurly  evident  I  t  orn  the  lutei  picture  in 
Fig,  4«h--M,  |\U(|  t  I'Ortl  rt  later  leal  |  but  It)  leVOtU  to  ( ll  l  >4  d  iMt'uaaiou 

oi  r^tolng  Uv*i»«4v i*u  ,  in  Fu,  4,4' -M  withdrawing  Kit*  gnu  carefully  one 
»ou  Id  lvu»U  through  the  beam  entrance  hole  into  thy  cavity  at  kite  aurtaoe 
oi  (ha  still  liquid  lava, 

The  explanation  fur  the  ahape  of  tin?  piercing  hole,  **»  In 
particular  its  low  depth=tO"Wldth  ratio  and  the  limited  depth  in  aplte 
oi  'ont limed  power  input,  «>*  wau  only  found  much  later  in  connection 
with  (he  spalling  teats  described  m  Meet  Ion  A , J ^ ,  What  acems  to 
happen  U  aa  followai  The  beam  penetrates  to  a  depth  of  ’,(  to  4  inches 
by  melt  Inn  and  vaparixat ion  in  a  yet  rather  narrow  channel  (l  to  i-l/il" 
diameter) i  but  f i\»m  then  on  scattered  electrons  and  radiant  heat  reach 
the  walls  and  especially  the  top  ot  the  channel,  and  now  the  peculiar 
nature  of  this  rook  conies  Into  play,  --  »  -  i  l»e  rock  begins  1 1\  spal  l 

and  tlm  (lakes  tall  down,  Some  spalling  I  takes  cross  the  pal  li  of  the 
electron  beam  and  net  melted;  this  scatters  the  beam  even  more  toward 
the  walls,  and  It  absorb*  enei  gy  which  otherwise  would  have  gone  to  t he 
far  face  ot  (bo  cavity,  other  spalling  (lakes,  which  don't  get  melted 
but  simply  drop  Into  the  existing  melt  at  the  bottom  ot  (be  cavity,  form 
what  was  called  the  "conglomerate,"  We  believe  this  successive  spall<ug 
is  the  explanation  fur  the  formation  of  the  "dome"  ot  the  cavity  tar 
above  the  plane  ot  the  beam  Itself. 

The  upalling  and  crumbling  of  this  rock  under  the  heat,  and 
perhaps  a  chemical  decomposition  prior  to  melting,  also  explains  why 
the  piercing  holes  were  never  lined  with  glass,  and  why  the  re-solidified 
melt  never  stuck  to  Che  solid  rock  but  that  there  was  a  powdery  interface; 
the  wails  of  all  holes  and  cavities  were  always  covered  with  a  fine  white 
dost  ftha  later  Pig,  4,4-53  shows  this  particularly  wall), 

From  the  description  ot  the  piercing  process  it  .is  obvious 
that  there  cannot  be  a  particularly  good  flow  of  heat,  from  the  cavity 
Into  the  solid  rock.  This  would  explain  why  we  did  not  see  i.he  local 
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Top,  left.  and  right:  A  longer  piercing  shot  has  led  to  thermal  stress 
cracking;  bottom:  the  aeries  of  piercing  holes  after  the  broukage  and 
debris  haa  been  removed. 
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breakage  which  we  had  found  for  instance  on  the  granite  shown  in 
Fig.  4.1- 3a. 

In  order  to  make  sure  that  what  we  had  observe'4  was  due  to 
the  behavior  of  the  rock  and  not  to  perhaps  differences  ii.  the  electron 
beam,  i.e.  difference  in  power  density,  we  decided  t<  a  quick  series 

of  short  time  piercing  test  in  the  Sierra  White  graniL  iud  in  some 
other  types  of  rock  which  had  behaved  differently  in  the  past. 

Fig.  4.3-6  shows  a  series  of  piercing  holes  in  the  Sierra  white  made 
with  increasing  time.  The  depths  of  these  holes  as  a  function  of  time 
is  given  in  the  graph  of  Fig.  4.3-14.  The  initial  piercing  rate  was 
nearly  as  good  as  expected.  If  early  in  the  piercing  the  power  input 
was  stopped,  and  the  gun  withdrawn,  one  could  withdraw  a  melt  core 
which  showed  a  fair  depth-to-width  ratio.  An  example  is  shown  in 
Fig.  4.3-7.  Widening  of  the  cavity  to  nearly  hemispherical  shape  or 
even  higher  than  it  was  wide  would  begin  only  later.  This  raised  the 
question  of  scaling  laws  once  more.  It  was  thought  that  one  perhaps 
should  keep  the  piercing  short  but  apply  mu1tiple  piercing  shots  in 
a  closed  spaced  row.  Such  a  row  of  holes  is  shown  in  Fig.  4.3-8  but 
they  cid  not  produce  any  collective  kind  of  cracking. 


(b)  Other  Types  of  Rock 

To  ascertain  once  more  :hat  the  electron  beam  was  not  any 
different  than  in  earlier  tests,  we  included  other  types  of  rock  in 
this  present  series,  Fig.  4.3-9  shows  a  piercing  hole  in  a  quartzite 
plate.  It  is  narrow  and  deep  just  as  expected,  hence  showing  that  the 
behavior  of  the  electron  beam  was  not  different  from  what  we  had  seen 
before.  Fig.  4.3-10  shows  a  series  of  piercing  holes  made  in  a  black 
gabbro  which  we  acquired  from  a  local  monument  shop  (origin  unknown)  . 

*Later  analysis  showed  it  to  be  rather  a  diorite/monzonite;  see  Table  4.3-V. 
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Glass-lined  piercing  hole  in  a  boulder  of  quartz  breccia 


Fig.  4.3-12 


4.3-20 


KM-55150 


The  melt  flowed  freely  as  we  had  observed  before  on  this  type  of  rock. 
The  piercing  holes  were  deep  and  narrow  and  led  to  stress  cracking,  as 
expected.  Fig.  4.3-11  shows  the  shape  of  the  holes  and  the  fact  that 
the  glossy  melt  stuck  to  the  wall  and  split  when  the  block  split. 

The  glass  lined  piercing  hole  which  was  obtained  in  a  quartz- 
breccia  is  shown  in  Fig.  4.3-12.  In  Fig.  4.3-13  we  show  piercing  holes 
made  in  a  red  granite  which  was  also  obtained  locally.  In  this  case  the 
melt  did  not  flow  quite  freely  but  stuck  to  the  gun,  as  also  shown  in 


For  comparison  a  slab  of  a  red  granite  was  pierced;  on  top:  a  short  shot 
leaves  a  clean  hole;  below:  longer  oiercing  leads  to  cracking  and  debris 
will  stick  to  the  gun. 
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Fig.  4.3-14  Measured  growth  of  cavity  with  time  for  several  types  of 

rock,  from  tests  made  with  the  horizontal  beam  of  the  elec¬ 
tron  beam  rock  cutter  piercing  into  the  body  of  the  sample. 
(Beam  pov/er  15.9  kW  @  156  keV ;  standoff,  1/2  in.)  The  white 
Raymond  granite  falls  consistently  short  of  the  theoretical 
curve  (see  Section  5)  being  a  factor  of  2  lower  than  predicted 
at  64  sec.  The  gabbro  also  tends  to  be  somewhat  below  the 
curve  but  is  still  in  agreement  with  the  theory  at  the  64  sec 
point.  The  red  granite  performs  as  well  as  the  gabbro  for 
at  least  as  long  as  15  sec. 


the  photograph.  Nevertheless  piercing  holes  showed  a  large  depth-to- 
wldth  ratio  and  a  glass  lined  wall. 
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A  comparison  of  all  these  results  with  the  theory  which  was 
previously  developed  is  shown  in  the  graph  of  Fig.  4.3-14.  The  behavior 
of  th  Sierra  White  granite  shows  similarities  to  the  behavior  of  the 
calcaceous  sandstone  of  Fig.  5-3. 


(c)  Discussion 

Again  the  question  of  optimum  strategy  and  scaling  laws 
arises.  One  may  think  of  somehow  taking  full  advantage  only  of  the 
initial  rapid  piercing  rate.  In  the  last  analysis  this  would  lead  one 
to  the  spall-cut  mode  of  cutting.  Before 

rendering  any  judgment  we  should,  however,  look  at  the  radically 
different  approach  of  simply  higher  energy  input  eLther  from  much 
longer  piercing  times  or  from  a  higher  power  beam.  Some  remarkable 
results  with  longer  piercing  are  discussed  in  Section  4.3.4.  In 
connection  with  this  approach  of  dumping  more  power  into  one  spot  one 
can  argue  that  the  details  of  the  power  input  don't  matter,  if  only 
enough  power  (on  a  large  enough  scale)  is  quickly  enough  poured  into 
a  volume  of  solid  rock,  so  as  to  produce  differential  thermal  expansions. 
If  this  heat  source  is  located  as  a  "cavity"  eight  inches  below  the 
surface  and  an  energy  flux  of  16  kW  or  more  can  be  maintained,  we  have 
very  favorable  conditions,  whether  the  cavity  is  4"  or  8"  in  diameter 
does  not  matter  as  much,  although  rite  highest  depth  to  width  ratio  is 
3till  something  one  should  aim  for.  Going  to  higher  beam  power  via 
higher  voltage  would  be  a  first  step  In  tills  direction,  as  Fig.  5-6 
clearly  suggests. 

4.3.3  Reaction  of  the  Sierra  White  Granite  to  Melt-Cuts 

Again  we  want  to  stress  that  the.  experiments  reported  in  this 
section  were  made  to  gain  an  initial  understanding  about  the  interaction 
of  the  electron  beam  with  this  particular  rock,  and  not  to  get  very 
accurate  data  about  one  or  the  other  mode  of  interaction. 
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(a)  The  first  horizontal  melt  cut  which  was  made  with 
the  rather  high  speed  of  48  IPM  going  from  left  to  right  is  shown  in 
Fig.  4.3-15.  The  standoff  distance  varied  from  .1"  at  tae  left  to  3/8" 
at  the  right  because  the  carriage  for  the  electron  gun  and  the  face  of 
the  rock  were  not  quite  parallel.  With  a  beam  power  of  15.4  kW,  a 
melt  depth  of  1/2"  was  achieved.  This  is  less  than  one  might  expect 
from  extrapolation  of  the  curve  of  Fig.  4.1-3.  However,  these  curves 
refer  to  a  smaller  standoff  of  1/2",  and  the  density  of  the  concrete 
was  lower  than  the  density  of  the  present  test  specimen. 

Some  additional  cuts  at  similar  speeds  were  made  adjacent 
to  the  first  one,  and  also  some  multiple  cuts  going  over  the  same  trace 
several  times.  The  results  are  shown  in  Fig.  4.3-16,  As  we  found  to  our 
regret,  the  electron  beam  carriage  did  not  traverse  the  gun  smoothly 
enough  so  as  to  get  a  cutting  action  at  these  high  speeds  which  would 
resemble  those  of  some  spall  cuts  once  made  in  the  laboratory.  As  a  look 
at  the  figure  shows,  the  cuts  show  a  rather  regular  pattern  of  "stitching", 
which  came  about  by  oscillations  of  the  electron  gun  and/or  an 
irregular  pull,  of  the  chain  drive.  The  pitch  of  the  "stitches"  which 
one  can  see  is  identical  to  the  pitch  of  the  links  of  the  chain  drive. 

We  decided  to  give  up  further  attempts  at  high  speed  melt  or  spall¬ 
cutting. 

(b)  A  slower  cut  with  2  IPM  at  a  beam  power  of  16  kW  and 

a  standoff  distance  of  ,7"  produced  a  2"  deep  triangular  trench  which  is 
shown  in  Fig.  4.3-17  after  the  debris  had  been  removed.  This  figure 
also  shows  how  the  standoff  distance  was  measured  and  is  recorded  here, 
namely  from  the  rock  face  to  the  front  plate  of  the  gun,  yet  the  beam 
exit  nozzle  is  another  .1"  behind  this  front  plate.  The  beam  is  also 
pointed  15°  downward  and  does  not  penetrate  the  rock  face  perpendicularly. 
This  was  the  result  of  limitations  in  the  carriage  movement  which  did 
not  permit  us  to  reach  every  one  point  on  toe  test  specimen  and  keep 
the  beam  perpendicular  to  the  taco  at  the  same  time. 

(c)  The  first  attempt  at  a  slow  but  deep  horizontal  meit-cul 
is  shown  in  Fig.  4.3-18.  At  a  .speed  of  2  1PM,  .16  kW  beam  power,  and  3/4" 
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Fig.  4.3-15  Fast  melt  cut  in  the  "Sierra  White"  granite  with  15.4  kW, 
1"  standoff  at  left,  3/8"  at  right,  speed  48  IPM  left  to 
right;  melt-depth  1/2". 


Fig.  4,3-16  Subsequent  cuts  at  similar  speeds  as  the  first  one;  also 
multiple  runs  over  the  same  path;  top  trace  is  the  same 
as  In  the  previous  figure. 


standoff  distance  the  depth  of  2"  wan  reached;  huwum  cracks 
appeared  at  both  aides  of  the  cot.  Moat.  remarkable  wan  the  way  the 
debris  behaved  already  with  the  cutting  In  progrewa  we  could  ohtmrvu 
it  to  coll  in  a  most  bir.irro  fashion,  as  d.'wn  in  l*'  i  a  *  A  •  .‘1- 1 W  In  the 
left  photograph.  The  mo  It- cm  i  icV ,  and  Uu  palling  flakes  which  were 
imbedded  in  Is  formed  a  plastic,  mass  and  did  not  break  oft.  The  right 
photograph  in  fig.  4..V18  shows  the  coi  li.d-up  dobria  alter  the  gun  and 
the  beam  trad  been  stopped,  but  tlto  gun  had  not  yet  boon  withdrawn, 
giving  some  support  to  the  debris.  Note  that  the  left  picture  in 
Fig.  4,1-18  is  taken  through  a  mirror,  and  is  therefore  the  mirror  image 
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Slow  run  at  In  k .  I  PM,  at 
. siaiul  oft’  has  produced  2" 
deep  triangular  trench  (after 
melt  was  removed);  second  run 

>  ever  this  trench  Increased  depth 

to  3.2". 


Note  how  standoff  is  measured; 
beam  direction  is  pointed  1 S° 
downw a rd . 
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Wlmn  { hr  mm  was  withdrawn  limn  tlm  ruck  ram,  minim  ul  tlm 
debria  bruits  ott,  mil  m,  "'t'  mill  hung  trum  tlm  .in  mIiowu  iti 

Fig,  -i.i  1‘hotogr  .i|»lin  !>  and  v'  uliow  (he  wuh  nmjun  til  rniwnviU  or  rim 

part#  li'ONmunl  by  thermal  hD  omm  cii,  k  lug, 

Wl  (hour  changing  the  i> r  <m«l  otr  distance  oi  Urn  mm  i  coin  rim 
original  rook  face,  a  aeouud  out  was  made  with  (ho  tianw  aptrnd  and 
power  over  tho  cleaned  im  grou'e,  Thu  starting  point  was  annmwlHi-  to 
tlm  right  of  i  Im  beginning  of  the  original  groove t  then,  since  tlm  gun 
wan  loft  on  for  a  predetermined  t  lino  rat  Inn  than  t  or  t levelling  a 
predetermined  distance,  the  second  run  overshot  tlm  first  groove  by  a 
low  luohtui,  Thta  gave  uu  the  chance  to  compare  i  ho  dt'plli  of  a  sub¬ 
sequent  out  with  that  ol  tlm  i  Irat  nit,  with  Identical  team  parameters 
and  travel  ling  spued,  The  results  are  shown  In  Fig.  4.3"2 0,  Tlm 
additional  molt  -depth  achieved  In  tho  second  mil  wan  1.5",  Tlm  depths 
of  tho  ovorrun  (single  out  with  3/-*"  standot  l)  was  again  2",  as  shown 
In  Fig.  4.  J- 2 1  . 


Several  additional,  nns  under  similar  conditions  did  not 
produce  any  new  results,  Wo  noticed,  that  just  as  in  tin'  rase  of 
piercing,  if  the  gun  was  wltlulruwn  al  the  right  moment  tlm  melt  wouid 
stick  to  it.  Near  the  termination  of  tin.'  cut  the  debris  would  stiii  be 
red  hot:;  Fig.  4.3-22  shows  a  photograph  which  was  taken  through  a  red 
filter  to  enhance  the  tod  glow  of  the  still  Incandescent  melt .  This 
mo.lten  rrvk  does  not.  damage  '-ho  gun  in  any  way.  One  can  avoid  the 
sticking  of  tho  melt  to  the  gun  and  let  It  sit  in  the  melt-trench  as 
also  shown  in  Fig.  4.3-22,  Ox  course,  the  red  hot  debris  may  drop  to 
the  floor,  and  if  something  there  cun  be  igniced  it  may  start  a  fire; 
some  caution  must  be  exercised. 

(d.)  The  appearance  of  the  first  face  of  the  6  ft,  cube, 
after  these  Initial  tests  is  shown  in  Fig.  4.3-23.  At  this  time  we 
decided  to  make  som*'  ol  rhe  systematic  piercing  tests  which  were  already 
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reported  in  auction  4.3.2.  The  location  where  those  piercing  shots 
were  made  is  shown  Ln  Fig.  4.3-23  by  the  letters  A  and  b.  Thereafter 
we  decided  to  make  a  melt:  cut  with  multiple  passes »  and  to  threw  much 
more  energy  into  the  same  linear  brace  than  we  had  done  before.  The 
approximate  location  for  this  experiment  is  shown  by  the  letters  CC 
in  Fig.  4.3-23.  The  beam  was  on  for  12  minutes  when  a  cruck  occurred 
breaking  out  a  triangular  prism  which  was  later  found  to  weigh  30  kg. 
This  break  and  the  removal  of.  the  debris  is  shown  in  Fig.  4.3-24. 


The  breakage  associated  with  this  melt-cut  is  of  course  not 
as  informative  as  we  would  like  it  to  be,  since  again  the  specimen  size 
is  obviously  a  factor  influencing  the  breakage.  On  the  other  hand,  we 
can  see  from  the  picture  thut  the  cracks  did  not  run  out  to  the  right 
and  left  until  they  reached  the  end  of  the  6  ft.  cube.  Hence  this 
breakage  towards  the  top  edge  of  the  cube  corresponds  to  a  breakage  which 
we  could  expect  i*  we  had  previously  cut  a  ledge  into  a  larger  rock  face. 


Fig.  4.3-21  This  is  the  depth 
and  profile  of  a  single-pass  melt- 
cut  with  16  kW  and  3/4"  standoff 
(154  kV  beam) ,  at  2  inches  per 
minute.  It  is  actually  the  over¬ 
run  section  of  the  double  pass  shown 
in  the  previous  figure. 
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Fig.  4.3-22  'I'op:  Debris  irom  a  horizontal  melt-cut  sticks  to  the  gun 
when  the  gun  is  carefully  withdrawn  at  the  right  moment;  the  last  section 
of  the  debris  is  still  red-hot  as  shown  here  in  the  left  photograph  made 
through  a  red  light  filter.  Bottom:  Sticking  of  the  debris  to  the  gun 
was  avoided  and  the  red-hot  lava  is  still  hanging  in  the  melt-cut  slot. 
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Fig.  4.3 — 23  First  face  of  the  granite  block  after  the  initial 
trials  about  its  response  to  various  modes  of  attack  with  the  elec¬ 
tron  beam.  A  and  B  show  the  location  of  subsequent  piercing  holes 
and  C  is  the  location  of  a  subsequent  melt-cut  which  led  to  the 
breakage  of  a  large  triangular  prism. 

We  will  discuss  the  breakage  efficiency  of  this  test  and  similar  other 
ones  in  context,  Liter. 

(e)  Next  in  this  series  of  cursory  investigations  of  the 
various  modes  of  operation  of  the  electron  gun  we  run  some  vertical 
micro-cits  at  high  speed.  The  vertical  mode  has  the  advantage  that  the 
debris  flows  away  from  the  beam  impingement  point,  which  is  not  the  case 
in  the  horizontal  mode;  besides  we  found  that  the  vertical  drive  of  the 
electron  gun  had  a  more  uniform  speed.  We  also  decided  to  mount  a 
tangential  air  jet  onto  the  front  plate  of  the  gun,  to  blow  out  the 
debris  from  the  meit-cut  to  the  extent  this  was  possible.  The  location 
of  this  air  jet  nozzle  can  be  seen  in  Fig.  4.3-25.  The  first  cut  which 
is  shown  in  Fig.  4.3-26  was  made  with  40  IPM  at  a  standoff  distance  of 
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Mg.  4.3-24  Breakage  produced  by  a  horizontal  melt-cut  with  a  15. 

156  kV  beam,  at  1.5"  to  2"  standoff  distance,  moving 
and  forth  over  a  21"  long  track  for  12  minutes  45  sec 
a  speed  of  '38  IPM.  Weight  of  debris  30  Kg.  The  blac 
on  the  fresh  rock  lace  Is  moisture  which  must  have  co 
from  within  the  rock. 
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1  inch;  it  is  8"  lon$.  The  depth  which  was  achieved  was  .44"  below 

the  original  rock  surface.  Towards  one  side  of  the  out  thermal  stress 

cracks  are  visible.  The  air  jet  has  obviously  blown  out  some  of  the 

melt  from  the  groove  and  it  is  hanging  on  the  outside  of  the  groove, 

in  part  looking  and  feeling  like  rock  wool.  The  cross  section  of  this 

slicing  action,  given  by  speed  x  depth,  amounts  to  17.6  sq. in. /minute. 

If  we  compare  this  figure  with  what  we  might  extrapolate  from 

Fig,  4.1-3,  we  see  that  we  have  not  achieved  a  particular  good  value. 

The  difference  is  of  course  that  Fig.  4.1-3  refers  to  concrete  with  a 

density  of  only  2.2  g/cm^  whereas  the  present  granite  has  a  density  of 
3 

2.6  g/cm  .  We  also  had  to  use  1"  standoff  distance  here,  whereas  the 
graph  of  Fig.  4.1-3  refers  to  a  standoff  distance  of  1/2". 

We  tried  to  run  similar  traces  with  a  lesser  standoff 
distance;  but  the  carriage  drive  of  the  electron  gun  was  so  "soft"  that 
the  smallest  build-up  of  debris  between  the  rock  face  and  the  gun  would 
stop  the  movement  of  the  gun,  at  least  for  a  moment  until  it  could  break 
free  again;  thus  it  would  produce  a  very  irregular  cutting  action.  No 
real  reason  exists  why  the  gun  movement  could  not  be  foreeful  enough  so 
as  to  push  the  debris,  which  accumulates,  out  of  the  way.  The  difficulty 
which  we  had  in  this  respect  is  certainly  not  due  to  the  electron  gun 
per  se,  but  to  the  response  of  the  traversing  mechanism  which  could  not 
be  improved  at  the  time. 

It  was  of  interest  to  compare  the  depths  which  could  be 
achieved  by  multiple  cuts  at  high  speed  with  the  depths  which  could  be 
achieved  with  a  single  cut  at  slower  speed.  Making  four  vertical  runs 
at  a  speed  of  20  IPM,  a  standoff  distance  of  1",  which  was  kept  constant, 
and  without  removing  any  debris  from  the  prior  cut,  Wi  achieved  the 
following  successive  values  for  the  depths:  .51"  in  the  first  pass,  .79 
to  .87"  in  the  second  pass,  1.1"  in  the  third  pass,  and  1.4"  in  the 
fourth  pass.  The  width  after  the  completion  of  the  four  passes  was  1", 
although  it  is  difficult  to  decide  what  is  melt-width  and  what  is  local 
thermal  stress  breakage.  Fig.  4.3-27  shows  the  succesion  of  these  four 
cuts. 
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Fig.  4-25  (above): 

High  speed  melt-cut  with  auxiliary  air 
jet  for  blowing  out  the  debris. 

Fig.  4-26  (left): 

Result  of  the  above  cut;  speed  was 
40  I PM  at  15.5  kW  155  kV;  depth  of 
melt-trace  .44  inch  below  original 
rook  surface. 


For  comparison  a  similar  melt-cut  was  now  made  with  1/4  of 
the  previous  speed,  namely  5  IPM,  but  with  the  same  beam  power, 
standoff  distance,  and  air  jet.  The  total  beam  time  tor  the  8"  long 
cut  was  therefore  the  same  as  the  total  for  the  four  consecutive  cuts 
made  earlier,  namely  1  min.  36  sec.  The  depth  of  this  melt-trace  was 
1.25".  Its  width  was  of  the  same  order,  which  means  it  was  actually 
wider  than  the  width  of  the  multi-pass  cut,  and  not  as  deep.  The 
result  of  this  experiment  is  shown  in  Fig.  4.3-28.  ObvLousiy  multiple 
cutting  at  higher  speeds  has  advantages,  as  expected.  Unfortunately, 
the  drive  system  of  the  gun,  as  it  was,  did  not  permit  yet  higher 


At  this  time  we  decided  to  terminate  the  various  ezoeriments 
which  we  had  made  on  this  first  face  of  our  granite  specimen  and  to 
rotate  the  block  through  90°  in  order  to  start  a  series  of  more 
systematic  slow  speed  cutting  tests  on  a  i rush  second  face.  Fig.  4.2-12 
shows  how  the  block  was  turned  around  with  the  heip  of  an  overhead 
crane. 

4.3.4  Thermal  Stress  C racking  and  Cumulative  _H.fJ_VcJ._s 

(a)  The  following  tests  were  made  on  the  second  lace  of  the 
granite  block  which  had  been  turned  by  90°.  One  of  the  objectives  was 
to  find  out  to  what  extent  we  would  get  cumulative  effect  from  successive 
cuts  of  a  reasonable  depth  and  within  a  reasonable  distance  of  one 
another.  For  a  start  we  decided  to  cut  a  square,  with  sides  approximately 
]8"  long,  by  making  4  slow  molt  cut^,  two  going  vertical  up,  two 
horizontal . 

Cutting  upwards  tin:  electron  ben:  wiil  always  hit  fresh 
solid  rock,  assuming  tin-  melt  and  the  spalling,  products  will  fall  down. 

The  first  vertical  cut  was  made  wiiii  the  air  jet  nozzle  installed  and 
therefore  with  a  re  I  at  i  v<- 1  v  large  standwll  di  .Lance  of  1.25".  Cutting 
speed  was  set  at  l  I  I'M;  the  beam  power  was  14.1  k’w’  at  160  kV .  The  cut 
proceeded  smoothly  lor  6-1/2  minutes  fait  t  ten  so  much  debris  had  been 

accumulated  between  the  roc*  taco  and  the  gun  that  the  nozzle  of  the  gun 
got  hung  up  and  did  not  move  upwards  anymore.  As  it  turned  out,  the  air 
jet  had  not  been  tuinedonand  because  of  the  very  soft,  non-rigid  mounting 
of  the  gun  the  debris  could  not  be  pushed  aside.  Fig,  4.3-39  gives  the 
operator's  view  of  the  cutting  whi !o  in  pi  stress  and  shows  the  accumulation 
of  tile  tLbr  is .  flic  gun  was  wl  tlulr.o/n  t  r>  a-  tin-  rock  lace  and  the  melt 
and  debt  is  was  broken  out  of  the  groove.  J fie  depths  ■  f  the  melt  zone  was 
f ound  to  be  4.8"  and  the  width  2.5"  which  Includes  _.ome  thermal  stress 
breakage.  The  appearance  of  this  cut  Is  shown  in  Fig.  4.3-30  labelled 
"First  Section." 
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I'lrst.  vortical  mult-vi.l  into  second  I  ace  of 
granite  block.  I. owm'  left.  picture  .shows 
clean,  initial  omul  i  t  i  mw  .  f  t  or  debris  was 
removed;  Uio  air  Jut  no?.?. In  i.an  also  be  noon 
above  Che  bright  glow,  i'loturo  in  tin? 
middle  rbows  gun  caught  and  movement:  stopped 
by  debris.  Top  picture  shows  completed  cut. 


Fig.**.  1-29 
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/  Spalling  trench  from  faat 

I  moving  gun  after  it  w«« 

pulled  back  from  the  face 
]  anti  swung  upward  inadvertantly 

>  2nd  SECTION 

Resolidified  melt  cannot  fall 
out  because  cut  is  wider  in 
the  depth  than  at  the  front 
!  face 


>  1st  SECTION 

Malt  core  removed  by  force 


First.  vortical  melt-cut  into  the  new,  second  face  of  the  6  fr.-cube  of 
granite.  Starting  at  the  bottom  and  traversing  upward  at  a  rate  ot 
1  inch  per  minute  at  a  stand-off  distance  of  1  inch  the  first  section 
had  to  be  stopped  when  debris  blocked  the  further  movement  of  the  gun. 
When  this  occurred  again,  some  time  after  the  second  section  was  in 
progress,  the  gun  was  pulled  back,  but  the  beam  left  on;  the  release 
from  the  blockage  made  the  gun  muzzle  swing  upward  fast,  which  left  a 
shallow  spall-trace.  To  complete  the  third  section  the  gun  was 
repositioned. 


Fig. 4. 3- 30 
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'Chit  gun  wan  rapobUlorad  at  dm  aa&«  standoff  diNUncs  of 
1,23"  with  dm  b«am  rtml  11°  downwards,  traversing  speed  and  beam 
power  the  same  an  before,  After  4  minuiea  42  seconds  ww  noticed  that  the 
gun  notnle  won Id  not  move  any  nwrit  probably  because  U  was  ngatn 
caught  by  the  debris,  and  we  decided  to  move  the  gun  bank  slightly 
while  lit#  beam  was  going.  Title  movement  freed  the  gun  no  a  do  from  the 
debris,  but  because  of  the  soft  response  of  the  drive  eyatem  the  noaale 
swung  upwards  by  a  few  inches  the  moment  it  was  freed)  this  rapid 
movement  did  of  course  not  produce  the  desired  me It -cut  but  produced  a 
spall-out  which  can  also  be  seen  in  Fig.  4.3-30  labelled  "Third  Section." 
We  had  to  stop  the  gun  and  reposition  it.  We  had  also  seen  a  warning 
light  indicating  a  slight  overheating  of  the  gun  nossle.  it  proved 
necuaaary  to  resume  the  cutting  at  a  slightly  lower  power  of  13.6  kW. 
Cutting  speed  and  standoff  distance  were  kept  the  same  and  the  third 
section  of  this  vertical  cut  was  completed  in  7  minutes,  Removing  the 
external  debris  revealed  the  red  hoc  core  which  was  caught  and  held  In 
the  cutting  groove  as  shown  in  Fig.  4.3-3Ia,  The  first  part  of  this  melt 

Kano ,  the  lowest  pert,  was  found  to  ba  3.25"  deep  by  1"  wide)  higher  up 

It  became  3.5"  deep  and  1.5"  wide;  at  the  very  top  it  was  2.6"  deep. 

Wo  ballove  these  irregularities  to  be  due  to  irregularities  in  the 
travelling  speed  of  the  gun.  The  layered  structure  of  the  "melt"-coi« 
is  shown  in  Fig.  4,3-31b. 

(b)  After  completing  the  first  vertical  cut  wo  immediately 
proceeded  to  make  a  horizontal  cut  to  the  right,  with  the  same  cutting 
speed  of  1  IPM,  n  standoff  distance  of  1,25",  a  beam  pitch  angle  of  11° 
downwards,  and  a  beam  power  of  13. X  kW  at  160  kV.  The  result  of  this 
cut  is  shown  in  Fig.  4,3-32.  The  photograph  at  the  top  right  of  this 
figure  shows  that  the  melt  tone  is  not  very  smooth;  in  fact  the  beam 
was  going  for  a  total  of  30  minutes  but  traversed  only  21".  At  times 

the  gun  muzzle  was  trapped  and  held  stationary  by  the  debris  in  which 

case  we  moved  the  gun  back  from  the  rock  face  without  stopping  the  beam, 
Just  to  free  the  gun  muzzle  and  resume  the  movement.  The  width  of  the 
malt  zone  varied  from  2"  to  4";  the  depths  from  1.9"  to  2.75". 
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Knocking  off  the  external  debris 
Immediately  after  completion  of  a 
section  of  the  vertical  cut  reveals 
the  red-hot,  ve-soUdif  iad  malt  In 
the  lover  part  of  this  section  to 
where  the  molten  rook  seeped  down, 
Width  el'  the  cut  is  about  1  Inch 
depth  5,5  Inch, 


Fig.  4.3-31a  (top)  and  b(left! 


Appearance  of  the  "molt."  The 
layered  structure  is  probably 
due  to  spalling  chips  falling 
into  the  melt  without  ever  fully 
melting  themselves. 


Horizontal  cut  is  started  whore 
vertical  cut  ends  (top  jL'It). 
Spontaneous  breakage  is  extensive 
and  Includes  a  triangular  wedge 
toward  the  top  edge  of  the  granite 
block  (top  right).  Pieces  are 
easily  pried  loose  (middle  left) 
and  can  be  seen  on  the  floor 
(lower  left  picture). 


Although  this  horizontal  out  wn«  morn  than  lk"  from  the 
upper  edge  of  the  granite  block,  the  thermal  stresses  causud  breakage 
of  a  triangular  prism,  as  cne  can  sea  in  Tig.  4,3-32,  it  is  not  known 
when  exactly  the  crack  occurred  during  the  30  minutes  of  beam  time. 

(c)  To  Join  with  the  previous  horizontal  cut,  we  proceeded 
to  make  the  second  vertical  cut  starting  again  at  the  bottom  and  moving 
upward  with  a  cutting  speed  of  1  IPM  at  a  bean,  power  of  13.1  kW,  160  kV. 
Standoff  distance  was  again  1.25"  but  the  beam  was  directed  downwards 

by  a  pitch  angle  of  16.5".  This  wao  necessary  to  reach  a  low  enough 
starting  point.  Thia  time  no  air  jet  was  used,  and  the  air  jet  nozzle 
dismounted  because  it  seemed  to  be  a  contributory  cause  for  the  blockage 
of  the  gun  movement  by  the  debris.  The  beam  ran  for  26  minutes  and 
traversed  a  distance  of  24  inches.  The  depth  of  the  melt  zone  was  found 
to  vary  between  4.0"  and  2.75",  the  major  portion  being  3.6"  deep.  The 
widths  varied  between  1.75"  and  2.3".  This  cut  is  shown  in  Fig.  4.3-33. 

The  total  material  removed  in  these  three  cuts  amounted  to 
54.8  kg;  with  the  power  which  was  expended  this  amounts  to  a  specific 

3 

energy  of  1100  J/g  or  2980  J/cm  . 

(d)  The  second  horizontal  cut  was  made  with  the  gun 
travelling  f i om  right  to  left  at  a  beam  power  of  13.0  kW,  160  kV  with 
a  standoff  distance  of  1",  a  pitch  angle  of  the  beam  of  14°  downwards 
and  at  a  cutting  speed  of  1.5  IPM;  at  least  this  was  the  initial  speed 
setting.  As  it  turned  out,  the  gun  travelled  for  9:45  minutes  over  a 
distance  of  19",  at  which  time  the  end  of  the  traverse  of  the  carriage 
was  reached,  but  then  the  beam  was  left  on  for  another  5:15  minutes  in 
a  quasi-slat  ionary  piercing  mode.  The  appearance  of  this  cut  before 
and  after  removal  of  the  debris  is  shown  in  Fig.  4.3-34.  The  breakage 
was  very  irregular  and  minimal. 

Knocking  at  the  rock  in  the  center  of  the  square  area,  which 
had  not  broken  out  we  noticed  a  hollow  sound.  But  we  could  not  find  an 
open  crack  which  would  permit  us  to  pry  loose  the  hollow  section. 
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. . 


The  breakage  from  this  second  horizontal  melt-cut  amounted 
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to  8.6  kg,  which  means  a  specific  energy  of  1.36  kJ/g  or  3.67  kJ/cm 
had  been  expended.  In  this  case  there  cannot  be  an  argument  as  to  the 
presence  of  size-effects  because  of  the  finite  size  of  the  test  specimen, 
as  we  had  seen  it  in  the  first  horizontal  cut.  On  the  other  hand,  the 
figures  do  reflect  earlier  cracking  which  may  have  been  produced  by  the 
prior  vertical  cuts. 

(e)  In  order  to  break  loose  the  already  hollow-sounding 

center  section  we  decided  to  pierce  it  at  the  highest  point.  Fig.  4.3-35 

shows  the  result  of  6  minutes  of  piercing  with  a  13  kW  beam  at  a 

standoff  distance  of  .75".  A  number  of  stress  cracks  can  be  seen  in 

the  photograph  but  the  various  slabs  are  still  attached  to  the  main  rock 

body  at  the  edges;  they  had  to  be  pried  loose  with  a  screwdriver.  A 

total  of  9.1  kg  of  material  was  removed  which  amounts  to  a  specific  energy 
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of  514  J/g  or  1.4  kJ/cm  .  But  there  were  still  more  hollow-sounding 
sections  left  which  could  not  be  pried  loose.  An  additional  piercing 
shot  lasting  45  seconds  led  to  the  breakage  of  another  4.3  kg  of 
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material,  which  would  amount  to  a  specific  energy  of  317  J/g  or  857  J/cm  . 

A  third  piercing  shot  lasting  1  minute  led  to  the 
breakage  of  an  additional  8.9  kg  of  material  which  would  amount  to  a 
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specific  energy  of  103  J/g  or  279  J/cm  . 

Obviously  these  low  and  favorable  efficiency  figures  are 
entirely  due  to  the  fact  that  we  have  taken  advantage  of  hidden  cracks 
from  the  previous  melt  cuts.  This  is  a  "cumulative"  effect  which  we 
had  hoped  to  see.  Although  it  appeared  here  on  a  relatively  small 
scale  only,  it  justifies  our  expectations  that  on  a  large  semi-infinite 
rock  face  it  can  be  made  to  work  in  our  favor  on  a  larger  scale. 

The  piercing  shot  shown  in  Fig.  4.3-35  produced  a  beautiful 
example  of  the  formation  of  the  cavity  with  a  liquid  melt  pool  at  the 
bottom  and  a  hollow  dome  on  top.  A  close-up  photograph  of  this  cavity 
was  already  shown  in  Fig.  4.3-5. 
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(f)  We  had  now,  as  a  by-product  of  the  foregoing  tests 
produced  some  free  faces  on  our  previously  homogeneous  rock.  Hence  we 
could  try  and  see  what  kind  of  effect  they  would  have  on  subsequent 
cuts.  Therefore  a  second  vertical  cut  was  started  at  a  distance  of  6" 
from  the  original  first  vertical  cut.  This  is  shown  in  Fig.  4.3-36. 

The  left  photograph  shows  the  rock  face  prior  to  the  cut;  the  photograph 
in  the  middle  shows  the  rock  face  after  some  spontaneous  breakage;  and 
the  righthand  photograph  shows  the  rock  face  after  all  the  debris  had 
been  broken  out  of  the  actual  melt  cut  region. 

What  actually  happened  during  this  run  can  be  seen  from 
Fig.  4.3-37.  The  beam  power  was  13.0  kW,  the  standoff  distance  1", 
and  the  beam  direction  was  14°  inclined  downwards;  the  standoff  distance 
was  1.75".  After  6  minutes,  and  a  travel  of  5.8",  a  large  piece  of  rock 
broke  loose  and  fell  against  the  gun.  This  did  not  cause  any  damage., 
but  of  course  we  stopped  the  beam.  The  depth  of  the  actual  melt  cut, 
which  can  be  seen  in  Fig.  4.3-38,  was  4.2"  at  the  top  and  3"  at  the 
bottom  of  the  5.8"  long  section,  the  width  was  2".  The  weight  of  the 
large  pieces  which  had  broken  off  was  19.6  y v, ,  this  would  amount  to  a 
specific  energy  figure  of  241  J/g  or  (\ 

The  appearance  of  this  se;  -.:  .  •  granite  block  after 

all  these  tests  is  shown  in  Fig.  4.3 -Vi  •  -r-  ’  .ik  i  ng  this  photograph 

we  had  found  that  the  area  marked  by  the  i  t-i  l  *  j  rould  also  be  broken 
off  by  prying  into  an  existing  crack  with  a  screwdriver;  not  much  force 
was  necessary.  It  is  remarkable  that  the  plane  of  section  A  is  4" 
below  the  level  of  the  original  rock  surface,  just  as  deep  as  the 
original  melt  cut.  This  is  another  proof  that  cracks  are  produced  by 
these  melt  cuts  which  are  not  immediately  evident.  It  can  also  be  seen 
from  Fig.  4.3-39  that  area  A  does  not  extend  to  the  edge  of  the  test 
specimen;  hence  there  is  no  size  effect  involved,  and  in  case  of  a 
semi-infinite  rock  face  we  would  have  had  the  same  results. 
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2nd  vertical  cut  at  6”  distance  from  first  cut.  When  the  cut  had  reached 
6"  in  height  a  2  ft  high  column  of  granite  weighing  14  Kg  broke  loose  spon¬ 
taneously  and  fell  onto  the  gun.  The  pictures  show  subsequent  stages  of 
this  process.  The  2  ft  column  broke  only  on  impact  to  the  floor.  Details 
of  the  action  are  shown  in  the  next  figure,  as  follows:  top  left:  break 
detected  through  the  telescope;  top  right  and  lower  left:  the  whole  pillar 
leans  against  the  shield  of  the  gun;  lower  right:  gun  is  withdrawn  and 
the  rock  pillar  is  falling  down. 


K 1  g .  4.3-16 


Ciosu-up  of  tlio  end  of  the 

*  6"  mo  It -cut  which  led  to 

•  the  breakage  shown  in  the 

?  previous  I  Inure.  The  molt, 

«  out  l.a  4"  deep  (netu  the  (>" 
ruler  sticking  out).  Addi- 
;■  t. tonal  c racks  can  be  seen 

whore  material  has  not  yet 
fallen  off. 
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Final  appearance  of  second  face  after  all  hollow  sounding  sections  were 
pried  loose.  In  area  marke  l  A  plane  of  the  crack  is  at  the  some  level 
as  the  root  of  the  melt-cut,  namely  4"  below  the  front  surface  of  the 
block.  The  remaining  ridge  above  a’-ea  A  rules  out  any  possible  influence 
of  the  edge  of  the  fLnite  size  cube,  a' though  this  edge  was  broken  in 
an  earlier  cut. 


Fig. 4. 3-39 
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(g)  An  additional  vertical  malt  cut  was  made  at  a  position 
4"  to  the  right  of  the  one  described  in  (c).  The  primary  purpose  was 
to  determine  if  such  a  procedure  would  cause  the  removal  of  the 
resulting  4"-w;lda  ridge  between  the  two.  As  it  turned  out  initially 
the  ridge  was  broken  to  a  depth  only  half  that  of  the  two  parallel 
traverse#.  However,  an  indication  of  the  existence  of  cumulative 
effects  appeared  subsequently  when  a  single  pietclng  shot,  made  some  20" 
to  30"  awuy,  caused  the  rest  of  tin  ridge  to  ho  broken  off  (see  (i)). 
Most  of  the  material  cracked  off  by  this  vertical  cut  actually  came 
from  the  right  side,  from  s  amooth,  previously  undamaged  region  of  the 
original  rock  face.  The  cut  was  made  with  a  14  kW,  160  kV  beam,  at  a 
apeod  of  1  IPM,  and  a  standoff  of  1.5".  The  gun  was  pitched  downward 
by  18.5°.  The  total  piercing  time  was  22  minutes  during  which  ths  gun 
climbed  23".  The  melt  produced  in  this  cutting  action  again  remained 
lodged  in  the  groove.  The  removal  of  it  appears  in  Figs.  A.3-A0  to  AA 
which  show  frames  from  a  16  mm  movie  film.  In  Fig.  A.3-A2U  and  i  one 
can  see  particularly  well  that  this  debris  consists  of  a  mixture  of 
melt  and  spalling  flakes  as  has  already  been  shown  in  Fig.  A.3-31b. 

With  the  material  removed,  the  resulting  trench  was  quite  uniform  in 
width  (roughly  2").  The  depth  of  the  trench  was  typically  3.7".  During 
the  removal  procedures  shown  in  Figs.  A. 3-40  to  AA  there  were  20  kg  of 
material  removed.  If  w«  attribute  the  energy  expended  in  making  the 
cut  to  this  amount  of  debris,  we  find  a  opecific  energy  of  0.9  kJ/g  or 
2. A  kJ/cm^. 
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.«)  Vortical  cut  Hulnr  a i 
1  inch  pei*  m  invito  wtth 
u  l 60  kV  14  kW  beam  at 
a  MUimloff  tliatanoo  of 
1,5  inch  in  completed, 


b)  Fractured  and  loosely 
adhering  pieces  are 
knocked  off. 


c)  The  melt-core  is  loose 
within  the  groove  but 
does  not  full  out  readily. 


Fig.  4.3-40 
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d)  The  melt'"Core  is  broken 
up. 


e)  More  breakage 


f)  The  same  stuck  melt-core^ 
all  along  the  groove 


Fig.  4.3-41 
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g)  More  breakage 


h)  Part  of  the  melt-core 
is  free 


i)  Part  of  the  melt-core  is 
falling  out.  Here  the 
great  depth-to-width  ratio 
of  this  melt-cut.  is  very 
evident . 


j)  Removing  the  lowest 

section  of  the  melt-core 
makes  also  a  slab  of  the 
adjacent  rock  fall  down. 


k)  Obviously,  previous 

spalling  to  the  right  of 
the  cut  now  makes  its 
influence  felt.  The 
flat  conical  impression 
is  a  spalling  crack. 


1)  Breakage  of  the  left 
side  of  the  cut  is  only 
minor . 


"  M"'.vir,"“  - "  ,M*- 1  *w. wp\wjh t^i^t1  'www^Tr.Tt w /Y,ciy,V.*v[ 


ra)  Another  slab  was  partly 
loose  (see  the  crack 
in  picture  k)  and  can 
be  pried  off. 


n)  The  black  spot,  where  the 
previous  slab  has  just 
fallen  off,  is  water; 
it  dries  up  very  quickly 
as  the  next  picture 
shows . 


o)  Everything  cleaned  out. 
The  depth  of  the  melt- 
cut  is  4  inches  below 
the  original  surface, 
its  width  is  2  inches. 


Fig.  4.3-44 
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(h)  In  order  to  see  what  influence  it  would  have  if  the 
cutting  of  this  granite  proceeded  under  water,  we  ran  a  flow  of  water 
down  the  vertical  rock  face  where  we  started  a  new  vertical  melt  cut  . 

This  was  an  area  unaffected  by  the  previous  experiments.  We  did  not  use 
a  water  jet  which  had  any  force  so  that  it  would  remove  debris  from  the 
melt,  rather  the  water  just  flowed  over  the  surface.  One  effect  one 
could  expect  from  this  arrangement  was  a  chilling  of  the  melt  by  the 
water  which  might  cause  it  to  crumble  rather  than  to  assemble  in  large 
solid  blocks.  However,  even  for  this  effect  to  become  noticeable  the 
amount  of  water  was  probably  not  enough.  This  test  was  recorded  with  the 
16  mm  movie  camera  and  some  frames  from  this  film  are  shown  in  Figs.  A. 3-45 
and  46.  The  standoff  distance  was  1.5"  and  the  beam  was  pitched  downvurds 
by  16.5°.  Within  20.5  minutes  a  24"  long  melt  cut  was  produced,  the 
depths  varied  from  2.75"  to  3.6".  The  beam  power  for  this  cut  was 
13.8  kW  at  160  kV.  The  first  frames  in  Fig.  4.3-45  show  the  beam  being 
turned  on.  The  frame  sequence  is  24/second;  it  takes  about  .2  seconds 
until  full  beam  power  has  been  attained.  The  frames  on  the  right  show 
later  phases  in  the  cutting  process,  especially  the  dripping  down  of 
some  droplets  of  liquified  rock.  In  Fig.  4.3-46  this  is  once  more 
shown  in  'greater  detail;  the  frames  in  this  figure  are  not  consecutive 
but  show  the  development  of  the  melt  and  the  droplets  within  a  time 
period  of  5  to  25  seconds.  There  was  never  a  buildup  of  a  great  amount 
of  debris  during  this  run;  this  can  probably  be  attributed  to  the  water 
flow;  perhaps  the  cooling  effect  of  the  water  prevented  spalling  of  the 
surrounding  area  near  the  cut  due  to  radiant  heat.  There  was 
comparatively  little  stress  cracking  in  the  vicinity  of  this  cut  and 
the  walls  of  the  groove  were  smooth. 
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Consecutive  frames  from  the  movie  film  showing  a  vertical  cut  made  with  water 
flowing  over  the  face  of  the  rock;  speed  24  frames  per  second.  Beam  14  kW 
160  kV  traversing  speed  1.1  IPM;  stand-off  1.5". 


Fig.  4.3-45 
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(i)  The  next  test  was  a  single  pierce  lasting  an  extended 
period  of  time  and  causing  a  large  amount  of  breakage.  From  the 
patterns  of  the  breakage  we  determined  that  the  effect  of  this  pierce 
strongly  depended  on  many  of  the  previous  tests  made  on  this  rock  face. 
The  beam  power  was  16  kW,  at  160  kV.  It  was  directed  perpendicular  to 
the  rock  face  (i.e.  horizontally)  in  a  region  whose  surface  was 
characterized  by  gentle  undulations.  The  piercing  position  was  within 
3"  of  the  center  of  the  square  outlined  by  the  vertical  and  horizontal 
traverses  described  in  (a)  through  (d).  The  standoff  was  0.8".  The 
total  piercing  time  was  30  minutes,  although  a  65  kg  piece  was  broken 
from  the  corner  of  the  granite  cube  after  the  first  15  min.  This  piece 
is  shown  in  the  lefthand  photograph  of  Fig.  4.3-47  as  it  looked  at  the 
end  of  30  minutes. 

The  cavity  caused  by  rhe  beam  was  not  typical  of  other 
piercing  cavities  in  that  a  layer  of  glass  roughly  1"  thick  lined  the 
entire  inner  wall.  We  conjecture  that  the  heat  flow  forced  by  this  quite 
strong  attachment  was  in  part  responsible  for  the  large  amount  of 
resulting  breakage.  One  reason  for  this  lining  was  that  practically 
no  liquid  was  able  to  flow  out  of  the  cavity.  The  gun  muzzle  was  in 
the  way.  It  is  still  open  to  question,  however,  why  the  upper  part  of 
the  cavity  accumulated  a  liquid  layer  instead  of  spalling  downward  as 
we  had  observed  on  other  occasions.  With  the  remaining  time  of  the 
testing  period  we  were  not  able  to  reproduce  this  effect.  When  the 
solidified  material  had  been  removed,  the  cavity  was  measured  to  be  5" 
deep  and  10"  high,  with  the  height  extending  8"  above  where  the  beam 
entered.  (See  Figs.  4.3-47  to  4.3-49). 

After  this  pierce  159  kg  of  material  were  easily  dislodged, 
as  can  be  seen  in  Figs.  4.3-49  and  4.3-50.  These  photographs  were  taken 
from  a  16  mm  movie  sequence  of  the  dismantling  process.  The  bottom 
photograph  of  Fig.  4.3-49  shows  a  second  large  pierce  being  removed. 
Immediately  to  the  right  of  that  piece  is  material  shown  still  in 
position  but  which  was  removed  next.  There  are  two  interesting  aspects 
to  this  latter  piece.  First,  when  it  came  off,  so  did  the  ridge  between 
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the  two  parallel  traverses  described  in  (c)  and  (g)  (in  fact  one  can 
see  in  the  photograph  the  vacuum  left  when  the  bottom  half  of  this 
ridge  dropped  off  spontaneously).  Secondly,  as  this  large  piece  was 
removed,  it  revealed  a  large  amount  of  water  covering  the  newly  exposed 
surface.  These  two  observations  suggest  that  there  were  already  deep 


cracks  formed  before  the  pierce  was  made.  At  least  one  of  the  cracks 
was  caused  by  the  two  parallel  traverses  and  piercings.  The  test 
immediately  preceding  this  present  one  was  the  traverse  made  with  water 
flowing  across  the  top  of  the  rock  and  then  down  the  side  being  cut. 

If  we  attributed  all  the  breakage  following  this  pierce  to 
the  energy  extended  in  these  30  min.,  we  would  obtain  specific  energies 
of  180  J/g  or  490  J/cm^. 
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After  piercing  for 
15  minutes  a  large 
crack  appears . 


The  cracks  extend 
horizontally  over 
3  feet. 


Knocking  off  some 
of  the  re¬ 
solidified  melt. 


Fig.  4.3-48 


4.3-65 


Crack  extant)  to 
the  right  of  the 
piercing  spot. 


A  large  corner  block 
comes  off. 


More  debris  comes 
off  and  more  cracks 
become  visible. 


Fig.  4.3-49 
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(j)  The  nixt  plarca  via  also  of  ion*  duration,  39  min.,  total, 
Tha  first  9  min,  wore  made  at  16  kW,  160  kV  (a««  Pig,  4.3-31). 

Subsequent  power  aupply  difficulties  than  cauaad  a  daisy  of  about  13  min. 
6a Cora  rsaurctng  tha  gun,  altar  which  tina  It  ran  at  10  kW,  150  kV.  Only 
aftar  24  nln.  Into  tha  aacond  ataga  of  plarclng  did  tha  original 
solidified  glnaa  bagin  to  glow,  Tha  aacond  plarclng  ataga  was  atoppad 
after  30  min. 

Tha  location  of  tha  plarca  waa  12"  below  and  4"  to  the  right 
of  tha  plarca  daecribad  in  (1).  The  standoff  position  waa  the  same, 

0.8",  as  was  the  pitch,  0  .  Details  of  tha  cavity  and  stress  cracks 
In  the  rock  appear  In  Pig.  4,3-52.  Tha  appearance  of  the  cavity  and 
the  dearie  aftar  removal  appear  in  Pig.  4.3-53. 

In  contraat  to  tha  previous  pierce,  the  amount  of  breakage 
waa  more  typical  of  what  we  had  obtained  from  the  traverses  alone,  l.e. 

3 

19  kg,  which  repreaenta  a  specific  energy  of  1.5  kJ/g  or  4.0  kJ/cm  . 

An  additional  pierce  was  made  at  the  lower  power,  11  kW  at 
130  kV,  which  shotted  quite  poor  energy  coupling  to  the  rock.  The 
standoff  distance  waa  1.25"  and  tha  gun  was  horitontal.  Although  the 
piercing  lasted  45  min.  the  liquid  rock  failed  to  wet  a  major  portion 
of  the  cqvlty  wall.  Material  spalled  from  the  top  of  the  cavity  and 
was  either  melted  or  vaporised  by  the  beam.  Only  6  kg  of  material  could 
be  removed,  a  value  which  represents  specific  energies  of  4.8  kJ/g  and 
13.0  fcJ/ctM. 
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Stationary  piercing  with  16  kW,  160  kV  after  9  minutes;  stand-off  distance 
3/4  inch  blocked-off  by  the  melt;  cavity  has  already  extended  upwards  beyond 
the  face  plate  of  the  gun  and  the  molten  rock  M  has  formed  a  chimney  for 
the  hot  gases  ('<  from  the  cavity  to  escape.  Piercing  at  this  position  was 
continued  for  another  30  min.  at  !0  kW  150  kV ;  see  the  following  figure. 


Fig.  4.3-51 
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After  completion  of  the  39  min.  of  piercing  (previous  fig^e)  several 
thermal  cracks  can  be  readily  seen,  for  instance  at  c  and  d,  but  others 
are  not  so  evident.  G  is  in  the  chimney  hole  of  the  cavity,  the  arrow 
B  points  to  the  beam  hole  which  is  shown  in  the  close-up  photograph  on 
theright^  The  impression  of  the  face  plate  of  the  gun  In  the  molten 
rock  can  be  seen  n  early;  the  screws’ heads  appear  dark  ^nce  they  have 
good  thermal  contact  with  the  copper  frame  of  the  shroud  whereas  the 
molybdenum  plate,  and  the  rock  in  contact  with  it  stays  hotter  an 
still  glowing  when  the  picture  was  taken.  Through  the  beam  entrance 
hole  (arrow)  one  can  see  the  white-hot  interior  of  the  cavity. 
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On  the  left:  remaining  cavity  after  all  loose  rock  has  been  removed; 
the  maximum  depth  measured  from  the  original  rock  face  is  3.6  in.  Note 
the  end  of  the  ruler  is  buried  in  some  of  the  remaining  white  dust  which 
characteristically  forms  the  solid-liquid  -Interface  in  this  rock.  On 
the  right:  material  broken  out  by  this  piercing  shot,  amounting  to  18.5 


Fig.  4.3-53 


(k)  At  the  lover  power  (10.7  kW  at  153  kV)  we  performed  an 
upward  traverse  to  be  compared  with  those  made  at # higher  power  as 
described  in  (c),  (g)*  end  (e).  The  standoff  distance  was  1",  the 
traversing  speed  was  1  IPH,  and  the  downward  pitch  of  the  gun  was  12°. 
The  total  beam  time  was  18  minutes  which  produced  4.5  kg  of  debris, 
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thus  yielding  a  specific  energy  of  2.5  kJ/g  or  6.9  kJ/cm  .  Fig.  4.3-54 
shows  the  results  of  the  traverse  before  the  melt  and  breakage  were 
removed.  Note  the  spall  chips  embedded  in  the  true  melt  which  give  the 
material  a  flaky  appearance.  The  major  portion  of  the  resolidified 
material  could  be  removed  in  one  piece  as  is  shown  in  Fig.  4.3-55. 
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Vertical  traverse  with  reduced  power  of  10.7  kW  at  153  kV;  1  inch  stand¬ 
off;  traversing  speed  1  IPM  upward.  The  re-solidified  "melt"  protrudes 
from  the  rock  face  by  about  .8  inch;  the  flaky  character  is  due  to  spall- 
chips  which  get  imbedded  in  the  true  melt.  The  trench  depth  was  2.6  inch 
at  a  width  of  1.7  to  2.0  inch.  The  material  removed  weighed  4.5  kg. 

(See  also  the  following  figure.) 


Fig. 4. 3-54 


Measuring  the  characteristic  depth  of  this  melt  cut  was 
hampered  by  the  undulating  surface  of  the  original  rock  face.  Since  the 
traverse  was  executed  rather  smoothly »  we  picked  a  location  to  | 

measure  where  the  standoff  was  indeed  1.0".  The  depth  at  this  point  | 

J 

was  2.5".  The  following  table  summarises  the  results  of  the  four  J 

vertical  traverses,  all  made  at  1  IPM.  j 
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The  major  portion  of  the 
resolidified  material  'from 
the  mel t-cut  of  the  previous 
picture  could  be  removed  in 
one  piece  and  is  shown  here. 


Fig. 4. 3-55 


Traverse 

Power 

(kW) 

Voltage 

(kV) 

— —  . . . . 

Standof  f 
(in.) 

Trench  Dimensions 
Depth  Width 

(in.)  (in.) 

(c) 

13.1 

160 

1.25 

3.7 

2.0 

(8) 

13.6 

160 

1.0  tc  1.4 

3.7 

2.0 

(e)  i 

13.8 

160 

1.5 

3.0 

1.3 

(k) 

-i-  .  . 

10.7 

153 

1.0 

2.5 

1.7 

Studying  this  data  one  finds  that  the  depth  tends  to  increase 
faster  than  proportionally  with  the  power,  an  effect  found  previously  in 
laboratory  piercing  tests  (see  Section  5.1,  especially  Figs.  5-4  and 
5~6)and  expected  from  theory  (see  Section  5.2). 

Case  (e)  appears  to  be  an  exception  most  likely  because  of 
its  larger  standoff,  which  causes  additional  degradation  of  the  beam's 
power  density  before  it  reaches  the  rock  face.  The  unusually  narrow 
trench  for  (e)  is  possibly  a  result  of  quenching  due  to  the  flow  of  water 
used  during  that  test. 


(1)  One  test  was  performed  on  a  small,  45  kg,  rectangular 
block  of  white  granite.  This  piece,  although  obtained  locally,  appeared 
very  similar  to  the  material  of  the  6'  granite  cube.  The  sample  was 
12-1/4"  wide,  9"  high,  and  8-1/8"  thick.  We  shot  the  beam  horiatontally 
into  the  center  of  a  smooth  vertical  face.  The  beam  power  was  13.6  kW 
at  160  kV,  and  the  standoff  was  0.74". 

The  first  of  two  piercings  lasted  64  sec.  and  produced  a  cavity 
2.4"  deep,  very  similar  to  that  found  in  the  piercing  tests  on  the  large 
sample  (see  section  4.3.2  and  Fig.  4.3-14).  As  was  typical  for  this 
type  of  rock,  this  piercing  depth  was  only  slightly  greater  than  half  that 
expected  from  theory,  i.e.  4.3".  (See  equation  (5),  Section  5.2  for 
which  the  present  power  level  and  standoff  distance  were  used  together 
with  tbp  constants  given  in  Table  5-3.)  Fig,  4.3-56a  shows  this  cavity 
with  the  resulting  solidified  melt  stuck  to  the  e.b.  gun.  This  piercing 
caused  a  hairline  crack  running  vertically  through  the  front  face  of 
the  sample  and  bisecting  the  cavity.  The  crack  extended  about  2"  into 
the  rock  face  as  determined  from  looking  at  the  top  face  of  the  sample. 

A  second  piercing  was  then  made  into  the  original  cavity 

under  the  same  conditions  as  the  first.  After  60  sec.  of  the  second 

pierce,  the  original  hair-line  crack  had  propagated  across  the  top  of 

the  rock.  After  83  sec.  the  rock  fell  apart  into  two  comparably  sized 

pieces  together  with  some  smaller  debris  as  can  be  seen  in  Fig.  4.3-56b. 

Taking  half  the  original  weight  as  the  material  broken  away,  we  obtain 
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a  specific  energy  of  89  J/g  or  240  J/cm  . 
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Fig.  4.3-56  Small,  45  kg,  1 2- m.  -  long ,  rectangular ,  block  of  white  granite 
similar  in  material  to  large  tc.-.t  .-.ample.  (a)  Cavity  from  a  64  sec  piercing 
at  13.6  kW,  160  kV .  Depth  was  roughly  half  that  obtained  In  gabbro  and 
predicted  by  theory.  This  result  agrees  with  tests  performed  on  the  large 
test  sample.  (b)  The  block  is  split  in  hall  alter  83  sec  of  additional 
piercing . 
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(m)  From  the  preceding  discussion  of  piercing  and  cutting 
the  second  face,  we  can  obtain  a  very  rough  estimate  of  the  specific 
energy  needed  for  electron  beam  breakage  of  the  large,  6',  granite  block. 
It  is  clear,  however,  that  there  exists  a  large  number  of  variables 
which  must  be  understood  before  the  processes  can  be  optimized.  There 
were  16  different  tests  performed  cutting  or  piercing  this  face,  and 
debris  was  removed  and  weighed  10  times.  The  data  collected  during  the 
tests  was  extremely  useful  in  a  descriptive  sense,  but  the  relatively 
small  number  of  tests  makes  it  impossible  to  untangle  the  correlations 
among  the  various  operating  parameters  and  cutting  sequences.  Substan¬ 
tially  more  data  would  be  required  to  identify  the  optimum  strategy 
and  the  associated  specific  energy. 

At  present,  the  best  we  can  do  is  to  present  a  total  specific 
energy  averaged  over  the  experiments.  The  total  energy  delivered  by  the 
electron  gun  was  2.13  x  10^  kJ.  The  resulting  breakage  was  314  kg.  These 
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values  yield  a  specific  energy  of  679  J/g  or  1830  J/cm  .  Theoretically 
with  no  heat  losses,  melting  requires  2  to  3  times  this  energy,  and 
vaporization  requires  7  to  8  times  as  much.  Experimentally,  we 
find  we  needed  to  deliver  6  times  this  energy  in  spalling  the  same 
material  (see  Section  4.3.5). 
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(a)  Several  spalling  tests  were  made  on  the  second  face  of 
the  6'  granite  cube.  Of  these,  three  were  made  without  moving  the  gun  along 
the  face  of  the  rock,  but  rather  spalling  away  material  to  form  cavitieB. 
Fig.  4.3-57  shows  a  sequence  of  photographs  of  one  such  test  performed 
at  14  kW,  160  kV  with  an  initial  standoff  of  6”  and  a  pitch  angle  of  0°. 

The  standoff  was  large  enough  to  cause  the  beam  to  spread  out  thus 
reducing  the  power  density,  as  can  be  seen  in  4.3-57a.  Distributing 
the  beam  power  over  a  large  area  provides  the  extreme  opposite  to  the 
quasi-adiabatic  vaporization  used  in  piercing  and  slicing.  In  principle, 
one  would  like  the  power  density  to  be  sufficiently  low  that  none  is 
wasted  in  melting  and  sufficiently  high  to  cause  a  steep  temperature 
gradient  at  the  surface  of  the  rock.  Differential  thermal  expansion 
at  the  surface  then  causes  small  particles  to  shoot  off.  Some  of  these 
particles  are  visible  as  bright  streaks  in  Fig.  4.3-57  as  they  are  made 
incandescent  by  the  electron  beam.  A  photograph  from  an  unrelated, 
short-duration  test  gives  a  view  of  a  spall  cavity  stopped  in  the  early 
stages  of  development  (see  the  top  of  Fig.  4.3-58).  It  corresponds  to 
a  beam  time  of  only  80  sec.  The  cavity  diameter  of  5"  and  its  depth  of 
0.75"  show  the  very  low  depth  to  width  ratio  to  be  expected  when  using 
a  diffuse  beam. 

Returning  our  attention  to  Fig.  4.3-57,  we  see  a  white  glowing 
mass  collecting  at  the  bottom  of  the  cavity  (see  photographs  b  and  o') 
and  showing  that  a  certain  amount  of  material  was  in  fact  melted.  Some 
of  this  melt  probably  came  from  the  cavity  walls  and  soma  from  a 
collection  of  spalled  fragments  melted  while  traversing  the  beam. 

This  spall  test  lasted  30  min>,  during  which  time  we  advanced 
the  gun  toward  the  rock  to  keep  the  standoff  distance  more  or  lsss 
constant.  The  test  resulted  in  the  removal  of  6.25  kg  of  materiel, 
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most  of  which  was  very  fine  and  powdery,  typical  of  that  shown  in  the 

photograph  of  Fig.  4,3-58.  This  material  corresponds  to  a  specific 

3 

energy  of  4.15  kJ/g  or  1.1.2  kJ/cm  ,  It  is  interesting  to  note  that  there 
were  no,  immediately-apparent ,  stress  cracka  caused  by  this  cavity. 

(b)  Rapid  spalling  traverses  at  small  standoff  could  not  be 
attempted  in  the  granite  because  the  carriage  was  too  slow.  However, 
one  spalling  traverse  was  attempted.  We  translated  the  beam  vertically 
up  and  down  over  the  same  23-ineh  long  oath  18  times  in  succession  in 
an  attempt  to  spall  a  trench  of  reasonable  depth.  The  vertical  direction 
was  chosen  to  allow  material  melted  inadvertently  to  fall  out  easily. 

The  gun  delivered  16  kW  at  160  kV  from  a  standoff  distance  of  5".  A 
much  closer  standoff  would  have  caused  molting  and  vaporisation.  We 
used  the  maximum  possible  vertical  traverse  speed  obtainable  with  the 
carriage,  i.e.  37.5  1PM  up,  20  1PM  down.  It  was  necessary  to  pitch  the 
gun  down  (i.e.  by  17°)  in  order  to  aim  the  gun  at  the  rock  while  using 
the  full  range  of  the  /ertical  motion  of  the  carriage.  Interrupting  the 
process  temporarily  after  6-1/2  minutes  (7  passes  each  up  and  down),  we 
found  that  the  spalled  trench  was  already  covered  with  a  layer  of  solidi¬ 
fied  molten  material.  The  trench  was  3.5"  wide  and  only  1.2"  deep. 

After  chipping  out  the  solidified  lining,  we  continued  the  process  for 
an  additional  20  min.  In  fact  what  we  had  generated  was  a  wide,  shallow 
trench  which  was  lined  with  glowing,  hot  semimolten  rock.  It  is 
interesting  that  the  process  did  produce  a  substantial  number  of 
stress  cracks  in  contrast  to  the  stationary  spall  of  (a)  which  produced 
none.  Because  of  these  stress  cracks  44  kg  of  debris  were  remr ved.  Of 
this,  26  kg  were  in  a  single  piece  from  along  the  top  free  edge  of  the 
rock.  When  it  was  removed,  water  appeared  on  the  newly  exposed  surface, 
presumably  from  the  experiment  using  water  (see  Section  4.3.4(h)). 
Accordingly,  that  crack  was  pre-existing  and  as  such  is  indicative  of  the 
cumulative  nature  of  the  process.  Since  most  of  the  debris  was  caused  by 
stress  cracks,  we  cannot  attribute  the  resulting  specific  energy  to 
spalling.  The  value  we  get,  similar  to  the  average  value  obtained  from  all 
the  piercing  tests,  is  0.58  kJ/g  or  1.57  kJ/cm  . 
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Appoaram’o  of  tlu*  sceond  laeo  of  the  h  i  t  .  ouhe  of 
granite  when  tents  were  terminated. 

fig.  4,. I -00 
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4,3.6  Termination  of  the  Tests 

r  ri - i-.ii  nw •«*•*•»**■  •**%■—■• 

A  chronological  lint  of  tost  runs  made  on  tho  6  It,  granite 
block  in  presented  in  Table  4.3-Vi.  Fig.  4.3-61  and  62  identify  the 
variouk  test  locations.  As  mentioned,  we  first  had  to  get  a  feeling 
for  what  would  happen  if  tho  electron  beam  pierced  this  type  of  rock, 
and  how  the  mobile  gun  could  be  manipulated.  These  first  tests  are 
therefore  exploratory,  each  one  different  from  the  previous  one.  There 
is  an  additional  reason  for  the  differences  in  subsequent  tests,  namely 
after  the  first  melt-cut  there  can  be  changes  to  a  wider  area  than  is 
readily  apparent,  and  the  next  tost  takes  place  on  an  already  altered 
rock.  We  have  shown  clear  evidence  for  such  cumulative  effects  which 
are,  indeed,  favorable  for  our  purposes.  Such  cumulative  effects, 
however,  do  not  yield  neat  academic-type  test  series.  On  the  other 
hand,  because  of  our  limited  funds,  we  could  not  run  enough  tests  for 
a  statistical  evaluation  of  the  data. 

In  was  also  not  possible  to  get  data  on  large-scale  cumulative 
effects  from  a  block  of  only  6  ft.  on  a  side.  Accordingly,  these 
testa,  and  their  results,  cannot  and  should  not  be  taken  as  a  substitute 
for  field  tests.  What  we  can  aay  at  this  time  is  that  the  electron 
gun  as  well  as  the  cutting,  piercing,  and  stress  cracking  processes  as 
observed  have  met  all  our  expectations.  In  addition,  as  expected,  we 
have  obtained  evidence  for  cumulative  effects. 

Fig.  4.3-39  shows  the  first  face  and  Fig.  4.3-60  shows  the 
second  face  of  the  6  ft.  cube  at  the  termination  of  the  tests.  It  is 
perhaps  indicated  to  reiterate  that  the  damage  to  these  rock  faces  was 
done  by  an  energy  beam  from  a  distance  (however  small  it  was),  Without 
physical  contact,  and  without  physical  force  exerted  from  the  outside, 
utilizing  internally  induced  stresses. 
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Table  4. 3- VI  Continued 


Notes: 

t  Two  values  are  given  for  some  horizontal  traverses.  The  first 
is  the  value  at  the  left  end;  the  second  is  the  value  at  the 
right  end. 

tt  S:  stationary;  U:  upward;  D:  downward;  L:  left;  R:  right 
*  Spalling  attempts 

Comments: 

a.  First  indication  that  cavities  grow  upward  at  expense  of  depth. 

b.  Pierced  into  pre-existing  hole  #1. 

c.  Does  not  appear  on  location  chart. 

d.  Pierce  for  25  sec.;  then  begin  translation. 

e.  Made  one  pass,  chipped  out  glass,  and  made  second  pass;  material 
broke  off  between  // 5  and  if 7. 

f.  Sequence  of  15  sec.  piercings  (5  of  them)  spaced  41/4  in.  apart. 
Produced  no  cracks . 

g.  Width  is  of  triangular  cross  section  which  broke  off  as  result 
of  cut. 

h.  A  second,  identical  pass  Increased  the  depth  by  1.5  in. 

i.  Traverse  stopped  by  x-ray  interlock, 

j.  This  was  a  second  pass  made  over  if  15. 

k.  A  series  of  seven  separate  piercings.  Cavity  widths  at  rock  face 
and  depths  were  as  fellows: 

Piercing  Time  (sec,)  Width  (in.)  Depth  (in.) 


l 

0.19 

0.91 

2 

0.25 

1.22 

4 

0.33 

1.42 

8 

0.33 

1.77 

16 

0.33 

1.97 

32 

0.87 

2.99 

64 

1.45 

2.56 
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Table  4.3-VI  Continued 

1. 

Separate  piercings  repeating  the  last  three 

of  it  17. 

Piercing  Time  (sec.)  Depth  (in.) 

16 

2.25 

32 

2.28 

64 

2.40 

m. 

Repeat  of  #17  but 

with  a  1.0-in.  standoff. 

Piercing  Time 

(sec.)  Width  (in.) 

Depth  (in.) 

1 

0.39 

0.90 

2 

0.51 

0.90 

4 

0.67 

1.22 

8 

0.79 

1.57 

16 

0.91 

2.12 

32 

1.04 

2.68 

64 

1.26 

2.76 

n. 

The  trench  was  in 

two  sections  because  of  a 

skip  resulting 

the  gun's  jamming  against  the  rock  face. 

o. 

Use  air  jet. 

p.  Four  successive  traverses  at  the  same  position. 
Pass  it 


1 

2 

3 

4 


Depth  (in.) 
0.51 

0.79-0.87 

1.1 

1.4 


Width  (in.) 
0.5 


0. 9-1.0 

Gun  jammed  against  rock  making  traverse  speed  uncertain. 


r.  Gun  movement  stopped  because  of  debris  stuck  to  muzzle. 

s.  Deepest  penetration  was  at  beginning  where  beam  was  held  stationary 
for  25  sec.  " 

t.  Gun  periodically  withdrawn  slightly  to  free  it  from  being  held 

by  debris  or  jamming  against  rock  face  due  to  lack  of  parallelism 
between  direction  of  motion  c.td  rock  face. 

u.  Spall  test  performed  without  moving  gun  from  position  of  #31.  Cavity 
width  is  listed  as  smaller  than  that  of  # 31  since  this  second  cavity 
appeared  in  the  center  of  the  previous  one. 
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Table  4.3-VI  Continued 


v.  Traverse  lasted  for  only  the  first  9  rain.  45  sec. 

w.  Flow  water  over  rock  surface  during  traverse. 

x.  Up  and  down  in  rapid  succession,  37  ipm  up,  20  ipm  down. 

y.  This  is  a  continuation  of  #43  after  a  15  min.  cooldown. 


Fig.  4.3-61  Schematic  view  of  first  face  of  6-foot  cube  of  Sierra  White 

Granite.  Numbers  are  keyed  to  the  data  suwu_ry  of  Table  4.3-V1 


Fig.  4.3-62  Schematic  view  of  second  face  of  6-foot  cube  of  Sierra  White 

Granite.  Numbers  are  keyed  to  the  data  summary  of  Table  4.3-VI 


5.  THEORETICAL  STUDIES 


To  check  the  penetration  rates  predicted  by  equation  (5),  of 
Section  5.2,  a  few  laboratory  tests  were  made  with  our  low-power  9  kW 
electron  gun  shooting  a  beam  vertically  downwards. .  In  one  series  of 
tests,  the  beam  was  fired  into  the  top  face  of  a  larger  piece  of  rock, 
as  we  have  done  in  the  past.  This  has  the  disadvantage  that  liquified 
rock  may  accumulate  at  the  bottom  of  the  cavity;  this  factor  is  not 
included  in  our  theoretical  analysis.  Therefore,  another  set  of  tests 
was  made  in  which  the  beam  drilled  the  cavity  very  close  to  a  vertical 
face  of  the  rock.  In  this  case,  the  cavity  breaks  through  and  the 
liquified  rock  can  flow  downwards  and  out.  This  corresponds  more 
closely  to  our  theoretical  assumptions,  and  would  closely  resemble  the 
conditions  that  we  find  drilling  a  cavity  with  a  horizontal  beam.  Besides, 
the  test  is  not  involuntarily  interrupted  by  the  fracture  of  the  rock. 
Figure  5-1  shows  such  "cavities"  drilled  along  the  smooth  face  of  a  block 
of  black  gabbro  from  Oklahoma.  The  beam,  running  parallel  to  the  face, 
hit  the  top  of  the  sample  roughly  0.025  inch  from  the  edge  of  the  rock. 
Figure  5-2  summarizes  the  penetration  as  a  function  of  time  as  measured 
in  both  types  of  tests. 


For  the  penetration  observed  along  the  rock  face,  the  theoretical 
curve  follows  the  experimental  points  closely.  However,  penetration  into 
the  body  initially  proceeds  faster,  which  can  be  explained  by  the  fact 
that  the  vapor  temperature  is  higher  in  the  closed  cavity.  Therefore, 
the  beam  scattering  is  lower,  and  the  power  density  remains  higher  than 
is  assumed  in  the  theory.  On  the  other  hand,  the  penetration  into  the 
body  levels  off  after  6  to  7  seconds,  most  likely  because  liquid  rock 
has  accumulated  at  the  bottom  of  the  cavity.  These  differences  have  not 
been  investigated  further. 


Beam  "ON" 
Time  (secs) 


32.0 


Fig.  5-1 


Cavities  drilled  along  the  smooth  face  of  a  sample  of  Oklahoma 
gabbco.  The  beam,  running  parallel  to  the  face,  hit  the  top 
of  the  sample  roughly  0.025"  from  the  edge  of  the  rock.  9  kW 
beam  power,  150  kV;  standoff  distance  1/2  in.  Beam  "on"  time, 
from  left  to  right,  12.0/17.9/8.0/4.0/2.1/1.1  seconds. 


Ur..  UHIK 


4h 


a*  f 

s  tr 


«  PonSrSlon  Along  Fk* 
«  AtnSriUon  Into  lody 
- ThooryH**  U.4IU 


13  » 

Tim*,  soc 


Fig.  5-2 


Measured  growth  of  cavity  with  time  for  Oklahoma  gabbro.  Thu 
beam,  aimed  vertically  downward  into  the  body,  is  stopped  at 
5  cm  by  the  continual  accumulation  of  liquid  flowing  from  the 
cavity  walls.  Penetration  along  the  face  simulate*  the  action 
of  a  horizontal  beam,  in  that  the  liquid  does  not  collect  at 
the  cavity  bottom.  The  solid  curve  represents  tha  theoretical 
prediction  derived  in  Section  5-2  which  agrees  well  with  the 
experimental  data  shown  here.  (Beam  power,  9  kW  @  150  kV( 
standoff,  1/2  in.) 
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Figure  S-J  shove  how  our  general  theery  agrees  with  whit  wo 
find  in  different  kind*  of  rock.  Cavities  wore  drilled,  «|«in  along 
tha  face  of  th«  rook,  in  copper  ore,  in  a  calcareous  sandstone,  in  ao- 
ofilod  Rioux  quattsits,  and  in  tho  Oklahoma  qabbro,  Xf  anything  aty  bo 
conoludad  from  thoao  fev  .fcaatt,  than  wo  can  aay  that  tho  initial  pan* 
atration  ia  perhaps  fa«te“  tu*H  pradiotad  by  tha  theory  baaod  on  boat 
it  evaporation  o(  H*  •  W  kJ.  Tha  latar  penetration  it  nut  t»  deep  at 
pradiotad i  especially  for  tha  landatona.  In  quar tries,  tha  oavlty  ia 
not  produced  by  Belting  but  rather  by  spallation  and  tha  axploaiva  an* 
pulaion  of  Mail  particles)  in  other  words)  less  anergy  M*  in  naadad 
than  for  vaporisation*  Tha  axparimtntal  points  fall  roughly  on  a 
curve  computed  with  a  valua  of  H*  •  2.6  kJ.  Xn  thia  aaaa.  tha  whola 
experiment  was  alio  ealf-termintti^  after  five  aaconda  whan  tha  anall 
block  burst  into  piaoaa. 

Figure  9-3  alto  shows  theoretical  curve*  computed  for 
H*  «  2.6  kJ,  7.3  kJ.  13.6  kJ,  end  21.3  kJ.  The  different  behavior  of 
tha  aa.x'stona  oen  perhaps  be  explained  on  tha  basis  that,  Initially, 
it  spalls  (N*  «  7.3  kJ)  and  latar  spelling  ia  Inhibited  by  «  layer 
of  molten  rock.  Alternatively,  liquid  that  keeps  flowing  into  ths  beam 
region  may  inhibit  cavity  growth.  It  could  also  be  that  heet  conduction 
ia  greater  in  ths  sandstone  than  in  tha  other  rock*  and  tha  aaaumptlon 
of  an  adl^bati'  process  is  no  longer  true. 

Obviously,  thare  are  many  details  yet  tc  be  inveetigetad  but, 
in  generel,  we  feel  th.it  our  simple  theory  represents  very  wall  tha 
initial  piercing  rates  at  least  for  ths  first  30  seconds,  and  it  can  be 
used  aa  a  basis  for  the  temperature  and  straps  computations. 

Another  test  seemed  of  particular  interest,  namtly,  to  determine 
the  penetration  efficiency  a?  a  function  of  beam  power.  Figure  3-4 
shows  how  cavity  depth  increase*  with  beam  power  Whan  the  total  ansray 
input  it  hald  constant.  Ths  mors  quickly  a  givau  amount  of  energy  1« 
delivered,  the  deeper  la  tha  cavity,  tinea  tha  adiabatic  conditions 
ere  more  closely  approached.  Whan  adiabatic  conditions  are  fully 
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Fig.  3-3  Naseurtd  growth  of  cavity  with  tint  for  several  typo*  of  rook. 
Gabbro  and  ooppor  or*  siltetono  agrat  with  tha  original 
thtoratioal  ourvt  (H*  a  13,3  kJ/ow*),  Sioux  » 

quart  *Ue  axhiblta  a  iowar  haat  of  removal  (H*  *  2.6  kJ/wr) 
because  tha  material  apallad  out  of  tha  cavity  in  tha  fora  of 
a  fine  sand,  Tha  aandatona  does  not  agraa  vail  with  tha  thebryi 
tallowing  tha  H*  «  7.3  kJ/car  for  tha  first  faw  seconds  and 
than  dropping  below  tha  H*  •  21,3  kJ/cnJ  Una  naar  13  aao. 

Thia  discrepancy  nay  have  tha  aana  oauaa  a«  tha  drop  in  tha  dapth- 
to-width  ratio  for  aandatona  aa  shown  in  Pig,  3-8. 
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Pig.  3*4  Influanoa  of  tha  bana  powar  on  tha  achiavad  ptaroing  dapth  for 
constant  energy  irtjput  (variabla  piercing  time).  The  higher 
powar  bean  in  obviously  more  officiant.  Thia  ia  one  of  tha 
powar  dependant  effects  mentioned  in  Section  3. 2. a.  Standoff 
distance •  1/2", 
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obtained,  then  th«  cavity  depth  should  no  longsr  uc’-'nd  on  beam  power. 

For  Cho  gebbro  and  the  9  kW  bsam,  this  is  not  yst  quits  the  cast,  Hence, 
with  ths  higher  bsam  power  that  we  will  have  for  the  field  tests,  the 
piercing  rate  should  increase  faster  than  proportionally  with  power. 

Figure  9-4  illustrates  rather  drastically  the  importance  of  the  adiabatic 
conditions  and,  thtrafore,  ths  fact  that  with  a  low  powar  bsam,  aay 
2  kW,  ona  simply  cannot  got  representative  experiment*  that  provida  a 
valid  basis  for  extrapolation  to  higher  power  level*.  Obviously  tssts 
it  highar  power  and  higher  voltages,  say  ct  200  kV,  60  kW,  would  be 
extremely  interesting. 

4 

As  mentioned  earlier,  the  beam  width  is  not  entirely  determined 
by  beam  scattering  but  eleo  by  been  optice,  mainly  the  angular  aperture 
of  the  beam  aa  it  la  focused  by  the  megnetlc  lens.  The  angular  aperture 
ee  well  as  th«  position  of  the  so-called  crossover  can  be  moved  by 
chaining  the  current  through  the  lens.  As  discuesod  elsewhere  the 
product  of  anguler  aperture  and  diameter  of  the  beam  at  the  focus 
■pot,  S’  ,  is  constant  or,  In  other  words,  the  so-called  radiance  of  the 
beam  la  an  invariant.  If  we  reduce  the  angular  aperture,  we  will  auto¬ 
matically  increase  the  diameter  of  the  beam  at  the  focus  and  reduce  the 
power  density  N*.  As  to  which  factor  is  of  the  greater  importance  if 
we  elm  for  maximum  penetration,  it  depends  on  the  circumstances.  For 
Instance,  if  the  poWer  density  is  already  so  high  that  adiabatic  conditions 
prevail,  then  it  is  not  necessary  to  increase  it  further.  With  our 
present  machine,  we  can  vary  the  position  of  the  crossover  only  within 
narrow  limits.  But  to  see  whether  the  focus  position  is  of  any  importance 
under  our  present  conditions  we  made  the  comparative  test  with  the  results 
listed  in  Table  5-1.  A  reduced  focus  current  means  the  crossover  is 
further  away  from  the  orifice  of  the  gun  and  closer  to  the  top  surface 
of  the  rock.  A  small  change  in  focus  position  will  produce  an  increase 
in  the  depth  of  the  cavity  of  10  percent  in  the  case  of  the  sandstone 
and  of  17  percent,  for  the  gubbro. 

A  spinning  disc  beam  analyser  was  used  to  measure  beam  power 
profiles.  Figure  5-5  shows  an  example  corresponding  closely  to  the 
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Focua  Currant;  1.28  A 


Focus  Current  1.14  A 


Fig.  5-5  Measured  beam  power  density  as  a  function  of  focus  current. 


Table  5-1 

Influence  of  Focus  Position  on  the  Depth  of  Penetration 


Rock 

Beam 

Current 

Elapsed 

Time 

Focus 

Current 

Cavity 

Depth 

Sandstone 

15  mA 

8.0  sec 

1.30A 

2,1  cm 

It 

15 

8.0 

1,18 

2.3 

Gabbro 

30 

8.0 

1,30 

2.8 

II 

30 

8.0 

1.24 

3.3 

Increase  In 
Cavity  Dept 


(The  extent  to  which  the  focus  could  be  changed  was  limited  by  certair 
design  parameters  of  this  gun.) 


conditions  of  Table  5-1.  Total  beam  current  was  60  mA  and  150  kV  and 
the  plane  of  measurement,  1/2  inch  below  the  gun  exit  orifice. ..  At 
1.28  A  focus  current,  optimum  beam  transmission  efficiency  was  obtained, 
but  at.;  1.14  A,  the  beam  spot  in  the  plane  of  measurement  is  noticeably 
narrower.  The  beam  angle  is  also  smaller  because  of  the  longer  focusing 
distance.  The  gun  was  adjusted  to  keep  the  beam  current  the  same  for 
both  cases.  Each  trace  in  Figure  5-5  represents  a  scan  through  the  beam 
at  various  stances  from  the  center  axis.  The  horizontal  scale  is 
1  major  division  -  0.085  cm;  scan  lines  are  separated  by  0.04  cm.  The 
vertical  scale  is  arbitrary.  Detailed  evaluations  have  not  been  made 
at  this  time. 

Our  field  test  gun  will  have  a  greater  latitude  in  the  position 
of  beam  focus  than  was  available  for  the  test  of  Table  5-1. 

Just  to  collect  all  the  information  that  is  contained  in  the 
above  tests,  and  without  any  attempt  at  completeness  of  the  analysis,  we 
have  replotted  in  Figure  5-6  the  observed  depth  vs.  beam  power  (as 
already  shown  in  Figure  5-4)  in  logarithmic  coordinates.  Going  to 
higher  beam  powers,  yet  keeping  the  expended  energy  constant,  clearly 
has  advantages.  Furthermore,  Figure  5-7  shows  the  depth-to-width  ratio 
obtained  from  constant  energy  input  but  with  various  beam  powers ;  there 
is  a  marked  difference  between  sandstone  and  gabbro.  If,  however,  we 
plot  depth-to-width  as  a  function  of  depth  for  a  power  of  9  kW,  as  in 
Figure  5-8,  we  get  initially  (for  small  depths  in  the  order  of  1  inch) 
large  differences  for  different  rocks.  Yet  these  disappear  when  we 
reach  2  to  4  Inches  depth.  There,  the  depth-to-width  ratio  approaches 
a  common  value  of  about  4.25.  Because  of  the  limited  number  of  ob¬ 
servations,  we  do  not  want  to  speculate  on  the  reasons  for  this 
behavior. 
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Increase  In  efficiency  with  beam  power.  Same  data  as 
Fig.  5-4,  but  on  a  log  scale.  There  is  no  indication 
of  any  levelling  off  at  10  kU. 
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Fig.  5-7  Depth-to-width  ratio  as  observed  vs.  beam  power  for  constant 
energy  input.  The  beam  power  obviously  may  or  may  not  be  of 
importance,  depending  on  the  type  of  rock  and  on  the  power 
level  itself.  Standoff  distance  1/2". 
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Fig.  5-8  Depth-to-width  ratio  as  a  function  of  final  depth;  the 
exceptional  behavior  of  sandstone  may  be  due  to  initial 
spalling,  but  it  was  not  further  investigated  (see  also 
Fig.  5-3).  Beam  power  9  kW,  150  kV;  standoff  distance  1/2". 


Long  after  the  here  discussed  tests  were  completed,  the 
piercing  tests  reported  in  Section  4,3.2  were  made,  of  which  Fig.  4.3-14 
gives  a  summary.  These  tests  were  limited  in  scope  for  various  reasons, 
as  mentioned.  Obviously  one  would  want  to  see  the  curve  of  Fig.  5-6 
extended  to  (a)  higher  power  and  (b)  to  include  the  Sierra  White 
granite.  Similarly  one  would  like  to  know  where  in  Fig.  5-8  the 
points  for  the  Sierra  White  granite  would  fall.  We  had  to  leave  these 
question  open,  to  be  answered  by  later  investigations. 

5.2  Analysis  of  the  Piercing  Process 

High-powered  electron  beams,  when  sharply  focussed,  can  quickly 
vaporize  deep,  narrow  cavities  in  rock,  the  three  major  factors  in  the 
process  being  the  high  power  of  the  beam,  the  high  power  density  at  its 
center,  and  the  low  thermal  diffusivity  typical  of  rock.  The  piercing 
occurs  because  of  intense  thermal  energy  generated  by  the  kinetic  energy 
of  electrons  as  they  bombard  the  rock.  Furthermore,  this  energy  is  de¬ 
livered  so  quickly  and  in  such  small  areas  that  only  a  small  portion  of 

it  can  diffuse  into  the  rock  by  heat  conduction  (a  quasi-adiabatic  con- 

27 

dition  made  possible  by  the  low  thermal  diffusivity).  Accordingly,  the 
major  portion  of  the  energy  causes  extreme  local  heating  which  melts  and 
vaporizes  material  off  the  cavity  bottom  and  thus  extends  the  cavity's 
depth. 

Initially,  the  penetration  speed  is  very  high  (typically  2.5 
in/sec  at  9  kW)  but  decreases  with  increasing  depth  because  the  power 
density  of  the  beam  suffers  increasing  degradation  as  the  beam  travels 
the  ever  increasing  distance  to  the  bottom  of  the  cavity.  Note  that  the 
electron  gun  is  many  times  wider  than  the  cavity  and  therefore  cannot 
follow  the  receding  rock  face.  The  degradation  of  the  beam's  power 
density  is  due  primarily  to  multiple  scattering  of  the  electrons  by 
molecules  of  air  and  vaporized  rock  in  the  cavity.  Although  thli 
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scattering  process  absorbs  only  a  small  fraction  of  the  electron  energy, 
it  nevertheless  broadens  the  diameter  of  the  beam,  thereby  diminishing  the 
density  of  its  power  while  preserving  nearly  all  of  the  initial  total 
power.  Consequently,  as  the  cavity  grows  deeper  and  the  power  per  unit 
area  hitting  the  bottom  decreases,  the  growth  rate  of  the  cavity  also 
decreases. 

Although  the  diameter  of  the  cavity  grows  with  time,  it  does 
so  more  slowly  than  the  depth.  At  the  widest  point,  usually  about 
half  way  into  the  cavity,  the  diameter  is  typically  only  1/A  i;he  depth. 

Its  clow  growth  rate  is  a  result  of  the  relatively  small  amount  of  power 
striking  the  walls  as  compared  to  that  hitting  the  cavity  bottom.  The 
power  to  the  walls  comes  from  the  relatively  few  electrons  which  are 
scattered  out  of  the  main  beam  and  from  the  transfer  of  thermal  energy 
from  the  jet  of  hot  gas  vaporized  off  the  cavity  bottom.  The  energy 
is  deposited  sufficiently  slowly  that  a  substantial  fraction  is  carried 
away  by  heat  conduction  into  the  rock,  and  the  quas 1-ad iaba tic  condition 
is  therefore  not  satisfied.  As  a  result,  only  a  portion  of  the  power 
to  the  walls  is  available  for  vaporizing  away  material,  i.e.  available 
for  expanding  the  cavity  diameter.  In  fact,  one  finds  the  walls  covered 
with  a  layer  of  (often  viscous)  molten  rock,  through  which  heat  flows 
into  the  solid  material.  It  is  this  heat  flow,  in  fact,  which  sets  up 
the  steep  temperature  gradients  that  produce  the  thermal  stresses  on  which 
the  rock-cracking  process  ultimately  depends. 

Previous  experience  has  shown  that  a  beam  of,  say,  9  kW  and 
150  kV  will  pierce  a  2  in.  deep  hole  within  15  to  30  seconds,  by  which 
time  failure  from  thermal  stress  will  usually  have  ocurred  in  laboratory 
rock  samples  (typically  blocks  6  to  10  in.  on  a  side).  In  larger  blocks 
it  is  necessary  to  pierce  for  longer  periods  (2  to  5  minutes)  during  which 
time  the  cavity  will  grow  further  to  a  depth  of  4  to  6  in.  For  con¬ 
siderably  longer  piercing  times,  the  depth  of  the  cavity  will  grow  so  slowly 
that  its  speed  is  no  longer  comparable  to  the  speed  of  the  thermal  con¬ 
duction.  Under  such  conditions  the  quasl-adlabatic  approximation  no 
longer  applies,  and  calculating  the  dependence  of  depth  on  time  becomes 
quite  complicated. 
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With  a  view  towards  understanding  the  effects  of  electron 
beams  on  rock,  we  have  developed  a  mathematical  model  that  predicts 
rate  of  penetration  as  a  function  of  time.  In  calculating  the  pene¬ 
tration  rate,  recognizing  the  high  total  beam  power  as  well  as  the 
high  power  density  at  the  center  of  the  beam,  we  use  the  quasi-adiabatic 
approximation  which  greatly  simplifies  writing  down  heat  balance 
relationships.  This  condition  holds  true  at  the  bottom  of  the  cavity 
for  nearly  all  piercing  times  of  interest  and  consequently  allows  us 
to  calculate  the  rate  of  material  removal  (through  vaporization)  and 
thus  the  depth  to  which  the  cavity  will  grown  in  a  given  time.  Con¬ 
versely,  it  is  difficult  to  predict  the  shape  of  the  cavity  because 
the  quasi-adiabatic  condition  is  violated  on  the  walls.  Since  the 
complicated  boundary  conditions  make  it  too  costly  and  time  consuming 
to  calculate  the  expected  cavity  shape  at  this  time,  we  use  a  simple 
illustrative  model  in  the  subsequent  phases  of  the  theoretical  program 
where  we  estimate  the  time  dependence  of  the  temperature  profile  and 
stress  distributions  within  the  rock. 

Besides,  the  quasi-adiabatic  removal  of  material  the  piercing 
rate  is  dominated  by  a  decrease  with  distance  of  the  power  density  at  the 
center  of  the  beam,  which  is  caused  mainly  by  the  multiple,  small- 
angle  scattering  of  the  electrons.  Other  effects  do  exist  which  also 
tend  to  degrade  the  beam,  but  are  quite  small  for  the  power  levels  and 
distances  involved.  For  example,  because  of  the  low  gas  density  in 
the  cavity,  energy  lost  from  the  beam  through  ionization  of  the  gas 
causes  a  loss  of  only  about  3%  in  the  energy  of  the  average  individual 
electron  before  it  reaches  the  bottom  of  a  5  in.  deep  cavity.  Another 
factor  is  the  broadening  of  the  beam  and  consequent  reduction  in  power 
density  due  to  an  initial  angular  divergence  of  the  beam  at  the  exit 
nozzle  of  the  gun  as  caused  by  the  electron  optics  system.  This  effect 
is  also  small;  for  an  initial  beam  envelope  half  angle  of  as  much  as 
3°  it  accounts  for  only  6  percent  of  the  beam  diameter  at  a  typical 
stand  off  distance  of  1/2  in.  This  contribution  continues  to  drop  with 
distance  from  the  gun  to  only  3%  at  the  bottom  of  a  5  In.  deep  cavity. 
That  the  initial  beam  divergence  has  such  a  small  effect  is  a  consequence 
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of  the  random-walk  process  of  the  multiple  scattering.  For  relatively 
small  initial  beam  divergence  angles,  it  is  appropriate  to  combine 
the  effects  of  divergence  and  scattering  by  adding  the  two  contributions 
in  quadrature.  Consequently,  the  effect  of  scattering  almost  entirely 
masks  the  effect  of  the  initial  beam  angel.  As  a  result,  as  long  as 
the  beam's  Initial  angular  divergence  is  sufficiently  small,  its  actual 
value  has  negligible  influence  on  the  beam  divergence  outside  the  gun. 
Another  energy  loss  mechanism  which  turns  out  to  be  small  is  bremsstrsh- 
lung  (energy  loss  to  x-rays  produced  in  the  electromagnetic  field  of  the 
atomic  nucleus).  It  becomes  important  only  at  electron  energies  greater 
than  about  7000  keV,  i.e.  much  greater  than  the  150  keV  of  the  electron 
beam  rock  cutter.  In  fact,  measurements  show  that  only  about  1/6%  of 
the  total  incident  beam  power  is  lost  to  x-rays.  However,  at  the  point 
where  the  electrons  hit  the  dense  molten  rock  or  the  solid  rock  of  the 
walls  or  of  the  bottom  of  the  cavity,  energy  loss  through  ionization 
is  the  dominant  effect.  It  is  through  this  mechanism  that  the  electrons 
give  up  nearly  all  of  their  kinetic  energy  to  the  material  and  thus 
produce  the  intense  heat  needed  for  piercing.  In  losing  its  energy, 
an  individual  electron  characteristically  penetrates  80  to  100  um  into 
the  molten  or  solid  material,  and  although  it  is  possible  for  it  to  back- 
scatter  out  of  the  material,  only  about  5%  of  tho  incident  power  is 
reflected  in  this  fashion. 

As  mentioned  above,  under  the  quasi-adlabatlc  approximation, 
the  peak  power  density  of  the  beam,  i.e.  the  power  per  unit  area,  N*, 
at  the  beam  center,  determines  the  growth  rate  of  the  cavity  depth. 
Knowing  this  power  density  makes  it  possible  to  evaluate  the  power 
transferred  as  thermal  energy  to  a  small  area  at  the  bottom  of  the 
cavity.  Then  knowing  the  energy  required  to  remove  a  unit  volume  of  rock 
through,  for  example,  vaporisation  and  &  'ing  the  assumption  that  no 
heat  is  conducted  away,  one  can  calculate  the  thickness  of  the  layer 
of  material  removed  in  a  given  time  and  thus  obtains  the  penetration 
speed  (See  Fig.  5-9).  To  determine  the  peak  power  density  N*,  one 
first  considers  the  current  density  of  the  beam  at  various  distances 
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from  the  electron  beam  gun.  According  t">  multiple  scattering  theory, ^ 
valid  for  particles  which  lose  only  a  small  portion  of  their  energy 
when  passing  through  a  thickness  of  material,  an  electron  beam,  initially 


Dwg.  2958A28 


Growth  rate  of  cavity  ( under  adiabatic  conditions,  i.e.  no  energy 
loss  due  to  heat  conduction) 

^  =N*/H*  In/sec 

Pig.  5-0  Schematic  diagram  with  definitions  for  cavity  growth  rate 
calculations. 
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of  negligible  diameter,  flowing  in  the  +z  direction  through  the  gas  and 
starting  at  z  *  0  has  a  current  density  distribution  whose  z-component 
at  a  distance  z  can  be  approximated  by  a  Gaussian  in  the  x-y  plane  of 
the  form: 


Jz(x,y,z) 


Acm 


-2 


(1) 


where  Iq  is  the  total  beam  current  and  where  the  parameter  a  is  given 
by: 


Here  n  is  the  number  of  atoms  in  the  vapor  or  gas  per  unit  volume,  Z  is 
a  weighted  average  of  the  atomic  numbers  of  the.  elements  in  the  gas,  e 
is  the  electronic  charge,  p  is  the  relativistic  momentum  of  each  individual 
electron,  v  is  the  electron  velocity,  m  is  the  mass  of  the  electron,  and 
c  is  the  speed  of  light.  For  such  a  beam,  the  characteristic  (rras) 
radius  is 


r 


o 


(az3) 


1/2 


which,  it  will  be  noted,  increases  faster  than  proportionally  with  dis- 

A 

tance,  l.e.  with  the  3/2  power  of  z.  The  peak  power  density,  N  ,  found 
at  the  center  of  the  beam,  is  obtained  by  setting  x  and  y  to  zero  in 
equation  (1)  and  multiplying  the  resulting  peak  current  density  by  the 
electron  gun  acceleration  potential  Vq,  which  even  at  the  cavity  bottom 
is  very  nearly  equal  (numerically)  to  the  individual  electron  energy 
measured  in  eV. 


N*  -  J_(0,Q,z)V_  -  XoVo  -  Wo 

Z  q  -v-  - . — 

2naz^  2ttciz3 


Worn 


-2 


(3) 


W  is  the  total  beam  power  IV. 
o  o  o 
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Th«  following  argument  gives  the  penetration  t«t«.  It  H 
represents  the  total  heat  of  removal  per  unit  volume,  then  it  is 
necessary  to  supply  the  energy  11  dAdx  (see  Fig.  5.1)  to  remove  an 
infinitesimal  volume  of  rock  from  the  bottom  of  the  cavity.  However, 
the  energy  entering  this  volume  during  the  time  interval  la  given  by 
N  dAdt,  which  when  sat  equal  to  tha  removal  energy,  gives  the  equation 

H*  dAdx  «•  N*  dAdt 


from  which  we  obtain: 


dc  » 
dt 


Combining  this  result  with  Equation  (3)  gives  the  penetration  rata  as  a 
function  of  z. 


dz 

dt 


2irH*az3 


(A) 


Integrating  equation  (4)  gives  the  cavity  depth  d(«  *“*Q)  as  a  function 
of  time  (again  refer  to  Fig.  5-9). 


d 


t  +  x 


z 

o 


(5) 


Here  zq  is  the  dittunce  the  beam  goes  from  the  point  where  it  first  be¬ 
gins  to  scatter  to  the  point  where  it  first  hits  the  unplerced  rock  face. 

The  quantity  a,  which  characterizes  the  scattering  proceso  and 
which  is  an  important  parameter  in  the  speed  and  depth  of  penetration, 
depends  directly  on  n,  the  atomic  density  of  the  gas  in  the  cavity  (see 
Equation  (2)),  This  density,  which  varies  inversely  as  the  gas  temperature. 
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la  difficult  predict  theoretically  and  Inconvenient  fid  meeeure 
ixper  (mentally,  Consequently,  na  «  value  fee  n,  w«  ui«  a  •  UO  x  IfT* 
oiT*  (or  3,78  x  i(T3  in,*1)  which  w*«  experimentally  determined  from 
previous  beam  profile  measurements  made  at  our  euetenary  beam  voltage 

jg 

(130  kV),  The  theoretioal  expreaaion  for  a  ee  shown  in  equation  (3) 
la  useful,  however ,  for  Indicating  the  expected  dependenee  of  the  beam 
divergence  on  electron  energy  and  rook  material,  Figure  V-1Q,  for 
example,  for  which  the  above  value  of  a  wee  ueed,  ehowe  the  eevere  drop 
in  peek  beam  power  deneity  with  cavity  depth  ae  calculated  ueing  equation 
O),  The  figure  contrasts  the  ahavp  loaa  of  power  deneity  with  the 
nearly  conatant  energy  of  tha  individual  electron*  which  make  up  uhe 
beam. 

Several  remark*  can  be  uiado  concerning  the  influence  on  the 
cavity  growth  of  the  beam  current  JQ  end  the  accelerating  voltage  V  , 

For  example,  the  quantity  a  varies  almost  inversely  aa  the  square  of 
the  voltage  since  (a)  pv  in  aquation  (2)  i«  nearly  proportional  to  the 
individual  electron  energy  for  voltegee  up  to  «u  230  keV  and  (b>  the 
logarithm  term  in  aquation  (2)  ie  only  a  slowly  varying  function  of 
electron  momentum.  Accordingly,  since  the  total  power  is  given  by  WQ  • 
x0v  ,  the  piercing  speed  ie  directly  proportional  to  the  beam  current 
and  ie  rou^jy  xmSStimk  SSL  Shi  Still  SL  tiH  XSimi*  **«• 

ft  '  ‘°v°3 

This  relationship  shows  that  the  piercing  performance  of  future  higher- 
power  electron  beam  guns  depsnds  strongly  on  whether  the  power  Innreaae 
results  from  raising  the  current  or  from  raising  the  voltage  the  latter 
being  mads  more  desirable,  Figure  3-11  compares  the  piercing  speeds 
obtained  by  raising  the  power  through  current  increase  vs,  raising 
the  power  through  voltage  increase.  Both  curves  arc  calculated  using 
equation  (3),  for  which  the  dependence  of  a  on  electron  momentum  is 
calculated  using  equation  (2).  It  should  be  noted,  however,  that  at 
high  voltages  and  small  depths,  the  voltage-increase  curve  is  too 
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opUaistlc,  Cut  Iht  auitiple  aeat taring  will  eventually  te  raduoed  to 
guuh  an  aatant  that  tho  loan  o I  peak  power  density  will  batons  dominated 
by  ch«  initio)  boon  divergence  angle.  Conversely*  tha  current  increase 
curve  i«  too  poestaiotit.  lot  tha  pane  cm  ten  totaa  «t  higher  power  will 
Increase  acre  than  la  indicated  aa  a  result  ol  tha  increeaad  haatlni  of 


Fig.  5-10  Paak  electron-bean  powar  daueity  as  a  function  of  cavity 

dapth  Into  rook  tor  a  9  kW,  150  kV  electron  beam  gun,  standoff, 
1/2  in.  Also  shown  in  the  avavaga  anargy  va.  dapth  of  a  single 
alactron  passing  through  the  vapor  in  tha  cavity. 
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tha  gee  la  the  cavity.  With  increased  gee  temperature,  the  go  density 
n  Will  dee  too*  the  quantity  a  will  therefore  dacron*,  and  tha  pene¬ 
tration  rata  wiU  than  incraaaa. 

Tha  piercing  speed  aiao  depend*  on  the  types  of  target  material 
Rocha  with  higher  values  of  total  heat  of  vaporisation  H  mill  be  pierced 
nor*  alowly.  In  addition,  the  quantity  a  depends  on  the  sveterlsl  type 
through  the  square  of  the  average  atonic  nunbtr  X  (8aa  aquation  (2)j 


Beam  Power,  kW 


Relative  piercing  speed  of  electron  deem  into  rock 
versus  electron  beam  power 

Fig.  5-11  The  dependence  on  beam  power  of  the  theoretical  piercing 
speed  of  an  electron  beam  into  rock.  The  two  curves 
contrast  the  effect#  of  raising  power  by  increasing 
either  voltage  or  current. 


again  the  logarithn  term  i»  • lowly  varying.  Slnca  tha  gas  in  tha  cavity 
la  natnly  vuporiaed  rock,  tha  piercing  rata  according  to  aquation  (4) 
for  a  glvan  value  of  H*  will  tend  to  drop  as  tha  aquara  of  the  weighted 
average  atomic  number  of  tha  rock* a  conatituant  material*.  In  addition, 
tha  gaa  danaitv  n,  to  which  tha  piercing  rata  (through  a)  is  inversely 
proportional,  depends  on  tha  gaa  temperature,  which,  in  turn,  depends  on 
the  vaporisation  temperature  of  tha  rock  and  super  heating  by  the  beam. 

The  theoretical  time  development  of  the  cavity  depth,  as 
given  in  equation  (5),  often  agrees  remarkably  well  with  which  our  ex¬ 
perimental  date  a«  can  be  aeen  by  the  comparison  of  the  theoretical 
curve  (solid  line)  with  the  experimental  points  from  laboratory  teste 
made  with  a  9  IcW  beam,  (see  Figures  5-2  and  5-3).  We  get  similar  agree¬ 
ment  with  data  taken  at  15.9  kW  (see  Fig.  4.3-14).  In  each  case  we  get 
best  agreement  with  the  gabbro,  for  which  molten  material  from  the  walls 
readily  runs  out  and  allowe  the  beam  free  access  to  the  bottom  of  the 
cavity,  In  making  these  theoretical  calculations,  we  use  a  value  of  H*  ■ 
IJ.6  kJ/cim  for  tbs  heat  of  removal  since  it  fits  the  gabbro  quite  well  over 
a  large  range.  Ab  a  contrast  note  the  substantially  higher  value  for  Si02 
in  Table  5-2.  The  parameters  used  in  the  calculations  appear  in  Table  5-3. 

From  small  values  of  time  (much  less  than  1  sec  at  9  kW) 
equation  (5)  indicates  that  the  depth  is  directly  proportional  to  time. 

For  large  times,  the  depth  is  roughly  proportional  to  the  1/4  power  of  the 
time.  Our  experimental  data  are  mostly  from  the  intermediate  region 
between  these  two  casee,  where  the  depth  appears  to  vary  roughly  as  the 
1/3  power  of  time. 

Remarkable  are  the  absolute  values  of  the  Initial  piercing  rate, 
as  well  as  the  first  5  sec.  and  10  sec.  average,  which  one  can  obtain 
from  equation  (5)  or  from  Fig.  5-3  and  which  are  listed  in  Table  5-4. 


Three  effects  have  not  been  considered  in  formulating  th^ 
theoretical  model  for  piercing:  1)  the  spatial  variation  of  tempera¬ 
ture,  and  therefore  of  gas  density,  iu  the  cavity  as  a  result  of  non- 
uniform  heating  by  the  beam;  2)  the  motion  of  the  molten  rock  within 
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Table  5-2 

Calculation  of  the  total  heat  of  vaporization  of  SiO, 
(Quantities  from  Ref.  19  and  Am.  Inst,  of  Phys.  Handbook) 


Value 


Specific  Heat 
Solid 
Liquid 

Temperature  of 
Melting 
Vaporization 

Latent  Heat  of 
Fusion 

Vaporization* 

Total  Heat  of  Vaporization 


^  0.28  cal/g°C 
^  0.36  cal/g*C 


1710°C 

222?°C  (2141° C  at  400  to,  ' 


34  cal/g 
1530  cal/g 


2.22  k  cal/g 
24.8  kJ/cm  ** 


*  from  Clausius-Clapeyron  equation. 

**  similar  to  the  dotted  curve  of  Fig.  5-3 


Table  5-3 

Parameter  values  for  depth  vs.  time  function  used  to  compare  theory 
with  experiment. 


Parameter 

W 


Value 


9.0  kW,  15.8  kW 

13.6  kJ/cm3  -  223  kJ/in.3 

1.10xl0~3cm_1  -  2.78xlO“3ift."1 


2.4  cm  =  .94  in. 


Table  5-4 

Initial  piercirg  rates  in  various  rocks  (from  Fig.  5-3) 


Rock  Type 


Sandstone(  H  ■  21.3  kJ 


Gabbro  ,  H  -  13.6  kJ 


Sandstone,  H  «  7.5  kJ 


Quartzite,  H  ■  2.6  kJ 


1st  sec  ave. 

5  sec  ave. 

1.7  cm/sec 

.72  cm/sec 

2.1 

.86 

2.8 

1.1 

4.3 

1.5 

10  sec  ave. 
.46  cm/sec 
.56 


9  kW  150  kV  beam 


the  cavity  as  a  result  of  boiling  and  the  force  of  gravity;  and  3) 
the  variation  in  beam  power  density  caused  by  macroscopic  electromagnetic 
fields  in  the  beam  path  caused  by  the  beam's  interaction  (e.g.  ionization) 
with  the  material.  With  regard  to  the  temperature  variation  effect , 
the  assumed  Gaussian  beam  profile ,  on  which  the  calculation  depends , 
itself  depends  on  the  gas  density  being  constant.  However,  the  gas  at 
the  center  of  the  beam  is  heated  much  faster  than  that  near  the  edges  and 
to  the  first  approximation  is  therefore  less  dense;  thus  the  assumption 
of  uniform  density  is  violated.  On  the  other  hand,  there  do  exist  strong 
convection  currents  in  the  cavity  together  with  jets  of  vaporized  rock. 
These  will  tend  to  break  up  any  steep  temperature  gradients  which  form 
within  the  confines  of  the  cavity  and  may  thus  tend  to  maintain  the  gas 
density  more  or  less  constant.  As  for  the  effect  of  molten  rock,  the 
thickness  of  the  liquid  layer  is  only  a  small  fraction  of  the  cavity 
diameter  in  most  cases.  It  is  true,  however,  that  for  vertical  cavities 
drilled  downwards,  liquid  from  the  cavity  walls  does  flow  to  the  bottom 
where  it  must  be  continuously  removed  by  the  beam.  Experimental  con¬ 
firmation  of  this  effect  appeared  during  laboratory  tests,  where  the 
depth  of  vertical  cavities  reached  a  maximum  limit  in  violation  of  the 
prediction  of  equation  (5)  (See  Fig.  5-2).  Note  also  that  for  rocks 
with  large  concentration  of  high  alkali  feldspar  the  molten  material 
is  very  viscous,  a  fact  that  prevents  it  from  draining  quickly  off  the 
walls  and  allows  the  cavity  to  become  clogged  and  the  piercing  to 
be  impeded.  Accordingly  our  calculations  are  most  appropriate  for 
rock  with  high  ferro-magnesium  content,  for  which  the  molten  rock  flows 
easily  (e.g.  gabbro).  Finally,  we  have  found  no  indication  of  any 
macroscopic  electromagnetic  effects  causing  equation  (5)  to  be  con¬ 
tradicted  by  our  experimental  data.  Discussion  of  the  laboratory  tests 
and  the  degree  to  which  they  support  the  theoretical  calculations  also 
appear  in  Section  4.3.2. 


5.3  Development  of  Thermal  Stresses  with  Time 
5.3.0  General  Comments 

Experimental  and  theoretical  experience  gained  prior  to  and 
during  the  first  three  months  of  the  project  concerning  the  rate  at 
which  electron  beams  penetrate  rock  (Section  5.1  and  5.2)  has  been 
applied  to  the  theoretical  calculation  of  the  resulting  thermal  stresses. 
These  stresses,  in  turn,  cause  the  rock  to  crack.  To  allow  for 
correlation  of  the  results  with  experimental  data  from  a  then  exist!  v\  \ 

9  kW  gun,  the  calculations  were  made  for  the  caae  of  an  EBG  that  /.<*.ii vers 
9  kW  at  150  kV  and  is  1/2  in.  (=  1.3  cm)  from  the  rock  face.  The  vlr.e 
of  the  rock  used  in  the  calculation  is  typical  of  a  laboratory  sample. 

It  is  a  cylinder,  10  inches  in  radius  and  10  inches  high.  We  assume 
the  beam  pierces  the  center  of  one  of  the  circular  faces  so  as  to  give 
the  calculations  azimuthal  symmetry.  Consequently  we  can  apply  boundary 
conditions  that  are  convenient  for  existing  axisymmetric, thermal-stress, 
computer  programs. 

Because  of  the  diversity  in  material  parameters  among  various 

rock  types,  extensively  detailed  results  are  of  only  limited  use.  Our 

interest  lies  rather  in  obtaining  a  semi-quantitative  description  to 

serve  as  a  guide  for  electron  beam  excavation.  For  these  reasons  we 

have  chosen  to  make  calculations  for  a  single,  fictitious,  yet  typical, 

type  of  rock.  The  cavity  growth  under  an  electron  beam  is  therefore 

assuemd  to  be  similar  to  that  of  Oklahoma  gabbro  because  of  our  success 

in  predicting  the  piercing  rate  with  this  rock.  The  elastic  parameters 

and  thermal  dlffusity  have  been  chosen  similar  to  those  of  Dresser  basalt 

since  they  seem  to  be  smoothly  varying  with  temperature  and  have  been 

20 

rather  well  measured.  The  melting  temperature  is  chosen  as  that  of 
silica  i.e.  1700°C.19 

To  provide  the  desired  information  on  the  time  development  of  the 
thermal  stresses,  six  separate  stress  calculations  were  made.  In  each 
case  all  conditions  were  kept  the  same  except  that  each  successive  calcu¬ 
lation  was  made  for  a  longer  piercing  time.  The  six  elapsed  times  were 
5,  10,  20,  40,  80,  and  300  seconds. 
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5.3.1  Volume  and  Shape  of  Piercing  Cavity 

If  adiabatic  conditions  prevailed  along  the  walla  o£  the  cavity 
as  they  do  at  the  bottom,  the  volume,  of  the  cavity  would  be  expected  to 
grow  in  proportion  to  the  total  energy  input,  and  it  would  be  poaeible, 
with  knowledge  of  the  spatial  distribution  of  energy  flow  in  the  beam, 
to  calculate  the  shape  of  the  cavity  in  addition  to  it3  depth.  It  haa 
been  pointed  out,  however,  that  much  of  the  heat  to  the  walls  Is  actually 
conducted  away  and  carried  away  by  flowing  molten  material,  thus  making 
energy  balance  calculations  too  costly  and  time-consuming  to  be  practical 
for  the  present  investigation. 

From  experience  we  know  that  cavities  tend  to  be  substantially 
narrower  than  deep,  a  tendency  illustrated  by  experimentally  determined 
depth  to  width  ratios  shown  in  Fig.  5-8. 

To  arrive  at  a  cavity  shape  to  be  used  in  calculations  of  the 
temperature  distribution  and  subsequent  calculations  of  the  thermal  stress 
distributions,  we  choose  a  simple  model  designed  to  be  reasonable  yet 
tractable.  The  assumed  shape  is  a  cylindrical  cavity  with  a  hemi¬ 
spherical  bottom.  The  cavity  diameter  is  taken  to  be  1/4.2  times  the 
depth,  a  typical  value  according  to  the  data  in  Fig.  5-8.  The  total 
depth  as  a  function  of  time  is  given  by  equation  (5).  Table  5-3  gives 
the  values  of  the  parameters  used  in  the  calculations,  chosen  to  represent 
a  9  kW,  150  kV  gun  with  a  1/2  in.  stand-off  distance. 

5.3.2  Temperature  Distribution  As  Function  of  Time 

To  avoid  lengthy  and  costly  computations  required  to  solve  the 
time-dependent  heat  flow  equation  with  complicated  boundary  conditions, 
the  following  simplifying  assumptions  are  made  for  temperature-distribution 
calculations : 

1.  For  calculating  the  heat  flow  into  the  rock  (and  therefore  the 
temperature),  the  walls  of  the  cavity  are  considered  as  a  moving  isotherm 
held  at  the  melting  temperature  of  the  rock.  This  isotherm  represents 
the  solid-liquid  interface,  the  layer  of  liquid  being  thin  compared  with 
the  cavity  diameter. 
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2.  Of  this  isotherm,  chosen  to  be  a  cylinder  with  a  hemi¬ 
spherical  base,  we  let  only  the  base  move  forward  in  the  direction  of 
the  beam  and  assume  it  has  a  constant  diameter  equal  to  that  which  the 
cavity  will  have  at  the  end  of  the  piercing  time  under  consideration, 
lu  this  model  the  depth  grows  with  time,  but  the  diameter  does  not. 

3.  The  thermal  diffusivity  is  independent  of  temperature. 
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The  value  chosen  as  typical  for  rock  is  5  x  10  cm  /sec. 


With  these  assumptions,  it  is  possible  to  determine  an 
approximation  to  the  temperature  distributed  within  the  rock  by  a 
simplified  calculation.  Since  the  piercing  speed  is  considerably 
faster  than  a  representative  speed  of  heat  flow  into  the  rock,  the 
heated  regions  of  the  solid  material  tend  to  be  close  to  the  cavity. 
As  seen  from  much  of  the  heated  region,  therefore,  the  cavity  appears 
roughly  similar  to  an  infinitely  long  cylinder.  Accordingly,  for  the 
basis  of  our  approximated  temperature  distribution  we  use  a  standard 
solution  to  the  time-dependent  heat  equation  for  the  case  of  an 
infinitely  long  cylinder  imbedded  in  an  infinite  medium  of  constant 
thermal  diffusivity.  In  particular,  the  solution  corresponds  to  the 
case  where  the  cylinder  is  initially  at  temperature  T^  and  the 
surrounding  medium  is  initially  at  temperature  Tq.  Then  at  time  t*=0 
heat  is  allowed  to  flow  into  the  medium  while  the  cylinder  is 
continuously  maintained  at  T  .  The  temperature  Tr(r,t)  in  the 
surrounding  medium  at  time  t  and  radius  r  is  then  given  by: 


T  (r , t)  •  (T  -T  ) 
c  ’  mo 


2 [ J  (u)Y  (Ru)-Y  (u)J  (Ru)], 

,~TU  o  o  o  o  du  To  (6) 

u[J*(u)  +  Y*(u)]  f 

0  o  J 


-  at 

T57 


where  b  is  the  radius  of  the  cylinder;  a,  the  thermal  diffusivity;  and 

J  and  Y  ,  the  first-order  Bessel  function  of  the  first-  and  second-kind 
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respectively. 


In  order  to  approximate  the  effect  of  a  growing  cavity,  rather 
than  one  of  infinite  length,  we  next  make  the  following  further  approximation. 
In  a  plane  at  each  depth  below  the  rock  surface,  the  temperature  is  taken 
to  be  given  by  (r,t)  where  the  value  of  the  time  used  in  the  solution 
depends  on  the  depth.  Planes  at  greater  depths  are  then  heated  for 
shorter  tiems  than  those  near  the  outer  surface  of  the  rock.  Since,  by 
and  large,  the  cavity  bottom  advances  into  the  rock  faster  than  the 
temperature  can  propagate,  the  time  appropriate  for  a  given  depth  is 
taken  to  be  the  elapsed  time  from  when  the  cavity  passes  through  that 
depth  to  when  the  beam  is  turned  off.  Thus,  this  procedure  gives  a 
temperature  distribution  that  is  wide  near  the  outer  surface  of  the 
rock  and  decreases  in  width  with  depth  until  it  becomes  zero  at  the 
cavity  bottom.  By  keeping  the  cylinder  radius  constant  in  time,  the 
calculation  procedure  is  simplified,  as  it  avoids  the  complication  of 
a  moving  cylindrical  boundary  advancing  into  the  heated  rock.  Specifically, 
the  heating  time  is  taken  to  be  the  cifference  between  the  piercing  time 
needed  to  reach  the  full  depth  d,  at  which  the  beam  is  shut  off,  and 
the  piercing  time  needed  to  reach  the  depth  z  of  the  point  of  evaluation. 

Using  equation  (5)  we  obtain 

t,_  ^  (z)  ■  tt  aH*  (  N4  ,  .  x4  >  (7) 

heating  ^  (d+ZQ)  -  (z+zq)  J 

o 

The  cylinder  radius  used  in  the  solution  Tc  (r,t)  at  the  given  depth 
is  given  by  the  radius  of  the  full-grown  cavity  at  that  depth.  In  most 
cases,  therefore,  the  appropriate  radius  is  simply  the  radius  of  the 
cylindrical  portion  of  the  cavity.  However,  at  values  of  z  approaching 
the  depth  of  the  cavity,  the  radius  becomes  that  of  the  circle  cut  by  a 
plane  perpendicular  to  the  beam  and  passing  through  the  spherical  bottom 
of  the  cavity. 

Fig.  5-12  shows  the  heating  time  calculated  from  (7)  for 
various  depths  z  in  the  case  of  a  cavity  which  has  reached  a  depth  of 
4  in.  (In  this  and  the  following  figures  the  beam  direction  points 
upward  to  allow  compatibility  with  the  existing  thermal-stress  computer 
programs. ) 
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Figs.  5-13a  through  5-13f  show  the  resulting  isotherms  plotted 
using  the  above  model.  The  cavity  boundary  is  assumed  to  remain  at 
1700°C;  the  isotherms  are  shown  in  increments  of  100°C.  Each  figure 
represents  one  of  the  six  piercing  times  considered  in  the  study.  Notice 
that  the  isotherms  converge  to  a  point  at  the  bottom  of  the  hole.  In 
this  way,  the  model  approximates  the  very  steep  temperature  gradient 
at  that  point  which  results  from  the  advancing  motion  of  the  melt  front. 
The  extent  to  which  the  cavity  depth  increases  much  faster  than  the  heat 
can  diffuse  into  the  rock  can  be  estimated  by  assuming  for  the  moment 
that  the  speed  of  penetration  is  constant.  With  this  simplification  and 
by  use  of  a  one-dimensional  approximation,  an  upper  limit  can  be  cal¬ 
culated  for  the  small  distance  that  heat  will  penetrate  into  the  rock 

at  the  bottom  of  the  hole.  The  temperature  rise  at  a  distance  &z  below 

23 

the  bottom  of  the  hole  will  be  given  by: 

T  -  Tmexp  t  -  ]  (8) 


where  V  is  the  speed  at  which  the  melt  front  is  advancing  (assumed  here 
to  be  constant),  and  a  is  the  thermal  diffusivity.  For  V,  equation  (4) 
is  used  to  obtain 

V  -  - £ - -  (9) 

H*  2  v  a  (d+z  )J 
o 


which  gives  the  penetration  speed  of  the  electron  beam  for  a  given  depth 
d.  Combining  equations  (7),  (8),  and  (9)  gives  the  resulting  temperature 
penetration  depth: 
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Pig.  shews  plot*  of  equation  (10)  gluing  this  estimate  of  the  diiume* 
of  penetration  of  thermal  energy  into  rook  below  the  end  of  the  cavity  •• 
a  function  of  piercing  tine  for  eeverel  value*  of  temperature  under  the 
condition*  listed  in  fable  ^.2  for  9.0  kW  with  a«5  a  10*^  eiu'Vaee  and  T  ■ 
1700  C.  The  arrowe  in  the  figure  designate  the  pit  ruing  times  uhoren 
for  the  etreee  calculations  that  we  subsequently  auneldvt,  Ae  one  would 
expect,  penetration  of  che  heat  into  the  solid  rook  increases  with  tire 
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Fig.  5-14  Distance  temperature  penetration  into  rock  below  ond  of 
cavity  ae  u  function  of  piercing  time. 
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«ud  U  Urg#  ter  lower  tawpavasuva  iiethan##.  Contrary  to  the  simplifying 
a##umptinn  made  in  the  above  calculation,  the  spaed  V  U  not  a  constant 
but  iat  in  fact,  a  v1#er«a#ing  function  o(  Um,  Accordingly,  the  actual 
heat  penetration  rates  at  the  baea  of  the  cavity  will  be  even  alowar  than 
those  given  by  equation  (IQ), 

It  should  bp  pointed  out  that  thesa  temperature  calculations 
ovareatimate  the  dlatance  into  *,’»,•*  ,ouk  to  which  the  heat  actually 
penetrates.  First,  tha  radius  of  a  real  cavity  does,  in  fact,  expand 
with  time  and  at  a  speed  comparable  to  the  speed  of  much  of  the  heat 
conduction,  in  contra# t  to  that  of  our  model  which  has  a  con# tan t  radius. 
Therefore,  by  the  time  tha  radio#  of  an  actual,  cavity  reaches  its  full 
alee,  it  overtake#  much  of  the  thermal  energy  that  has  already  dlffueed 
into  the  rock,  in  our  model,  however,  we  have  assumed  that  the  heat 
begins  diffusing  from  a  point  located  at  the  maximum  radius  of  the  cavity 
and  that  none  of  the  heat  i#  overtaken  and  thus  hsve  overestimated  the 
extent  to  which  the  rock  is  heated.  Second,  the  thermal  diffusivlty  doe# 
not  remain  constant  with  temperature  as  we  have  assumed  but,  for  example, 
esn  decrease  by  a  factor  of  3  as  the  temperature  goes  from  20°G  to 
600°C.  The  value  of  diffusivlty  chosen  corresponds  to  200  C  for  Dresser 
basalt  or  280°  C  for  Charcoal  granite.  Yst,  for  example,  with  these  two 
rocks,  the  thermal  diffusivlty  drops  at  elevated  temperatures  (i.e,, 
greater  than  600°C)  to  half  the  value  used.  Such  a  drop  will  Inhibit 
heat  flow  from  the  Hot  cavity  and  will  therefore  also  restrict  the 
distance  the  heat  propagates. 

It  is  certainly  possible  to  improve  the  model  for  calculating 
the  temperature  distribution.  For  example,  one  could  numerically  solve 
the  axi-symmetric,  time-dependent,  differential  equation  for  heat  con¬ 
duction  for  the  case  of  a  cavity  growing  in  diamoter  as  well  as  in  depth 
and  for  a  thermal  diffusivlty  that  changes  as  «  function  of  temperature. 

The  time  development  in  cavity  shape  would  have  to  be  taken  from  ex¬ 
perimental  data,  since  an  energy  balance  calculation  would  be  prohibitively 
complicated,  governed  as  it  would  be  by  such  processes  as  turbulence  in 
both  the  hot  gasses  and  molten  rock,  the  energy  deposition  distribution, 
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vapor  UttUon,  uu  Te  be  complete,  the  calculation  should  also  include 
the  additional  eompHeation  of  the  insulating  effect  of  email  creeke, 
which  ere,  In  turn,  caused  by  the  same  thermal  eUessea  we  ere  trying 
to  eiCimate,  Svnh  calculation*  ere  beyond  the  scope  of  the  present 
investigation, 


Thermal  atreaaea  in  the  r jck  were  calculated  using  a  package 
of  f Inifce-tilement  computer  program  whoae  detalla  are  proprietary, 
Another  program,  TEMPMAT,  was  need  fo  prepare  the  additional  Input  data 
temperature  field,  etc,  for  the  stress  calculation#. 


Neehee  for  two  of  the  rune,  for  5  eeconda  (the  ehorteet  time) 
and  for  300  seconds  (the  longest  time)  are  shown  in  Figure  5-13.  Note 
that  the  nodal  points  ate  epaced  closely  together  in  the  general  direction 
of  the  temperature  gradient  and  are  kept  rather  cloite  togethor  in  the 
region  of  greatest  interest,  i.e.,  just  outside  the  heated  region  where 
the  highest  tensile  stresses  are  expected.  Instead  of  starting  at  tho 
walls  >f  the  cavity,  the  mesh  begins  on  the  700°  c  isotherm,  which  is 
taken  as  the  temperature  at  which  the  rock  becomes  plastic. 

The  program  TEMPMAT  calculates  the  temperature  for  each  mesh 
nodal  point  and  punches  out  the  values,  which  are  then  used  as  inputs 
for  the  etress  calculation  programs.  In  addition,  to  approximate  tho 
variations  with  temperature  of  the  elastic  and  thermal  properties  of 
the  rock,  TEMPMAT  makes  use  of  a  material  type-specification  in  the 
atroas  calculation  programs  and  assigns  to  each  element  a  value  for 
each  of  the  elastic  and  thermal  parameters  according  tc  the  average 
temperature  of  the  element  (see  Table  5-5). 

Figures  5-15  through  3-19  show  the  results  of  the  stress 
calculations.  Four  different  stresses  are  shown:  (1)  azimuthal 
tension  (0  Rtross),  (2)  maximum  (tensile)  principal  stress  in  the 
r~z  plane,  (3)  azimuthal  compression,  and  (4)  minimum  (compressive) 
principal  stress  in  the  r-z  plane. 


Table  $-5 


ELASTIC  AND  THERMAL  PARAMETERS  ASSIGNED  TO  EACH  ELEMENT 
ACCORDING  TO  ITS  TEMPERATURE 


eropgrature 

Coefficient  of 
Thermal  Expansion 

Young's 
Modulus  (Poi) 

Poisson 

Ratio 

0-100 

2.6xl0“6 

145x10s 

0,24 

100-223 

6.0 

141 

0.23 

223-330 

8.2 

135 

0.21 

350-473 

10.2 

126 

0,19 

475-600 

11.2 

107 

0.145 

600-620 

11,7 

83 

0.105 

620-640 

11.8 

64 

0.09 

640-660 

11.9 

46 

0.07 

660-680 

12.0 

28 

0.05 

680-700 

12.0 

9 

0,02 

Note:  These  data  an*  similar  to  that  for  Dressor  basalt  In 
Table  4-4,  pago  18  of  Ref.  20. 


In  each  of  the  four  cases  there  are  six  plots  representing  the  six  pierc¬ 
ing  times  5,  10,  20,  40,  80,  and  300  seconds.  For  the  plots  of  tensile 
stress,  the  contours  represent  S00  to  10,000  pci  in  300  psl  Increments* 
For  the  atimuthal  compresciive  stress,  the  contours  represent  0  (dashed 
line)  to  -80,  00  pai  in  -5000  r increments.  And  for  the  compressive 
principal  stress,  the  contours  represent  0  (dashed  line)  to  -76,000 
psl  in  -4000  pai  increments.  The  directions  of  the  principal  stresses 
in  the  r-x  plane  are  more  or  less  parallel  to  the  isoscress  contours. 
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Pig.  3-18  Calculated  aairauthal  compression  for  piercing  times  of  *,  10,  20, 
40,  80,  and  300  seconds. 
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Fig.  S-19  Calculated  compression  in  r-z  plane  (minimum  principal  stress) 
for  piercing  times  of  5,  10,20,  40,  80,  and  800  seconds. 
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5.4  Interpretation  of  Stress  Fields 

There  are  several  Interesting  qualitative  features  of  the 
stress  plots  in  Figure  5-16  through  5-19. 

1.  Compressive  stresses  and  stress  gradients  are  many  times 
larger  than  tensile  stresses  and  stress  gradients,  i.e., 
typically  by  one  order  of  magnitude.  (However,  there  is 
an  even  wider  disparity  between  compressive  strength  and 
tensile  strength;  hence,  the  predominant  failure  mechanism 
is  failure  under  tension.) 

2.  In  the  neighborhood  of  the  cavity,  the  stresses  are  com¬ 
pressive  wherever  rock  is  heated.  This  compression  is 
caused  by  the  presence  of  the  surrounding  cold  region, 
which  restrains  the  thermal  expansion  of  the  hot  region. 

3.  Outside  the  heated  region,  the  rock  is  under  tension. 

a.  The  expansion  of  the  hot  region  along  the  axis  of  the 
cavity  tends  to  stretch  the  cold  region  in  the  z 
direction.  This  stress  will  tend  to  cause  cracks  in 
a  plane  perpendicular  to  the  ax:'/*  \> f  the  cavity. 

b.  The  radial  growth  of  the  auses  tension 

in  the  azimuthal  direct! ._•*•••  fUy  a.*  will  tend  to 

cause  cracks  in  planes  that  a  i  !<_•]  to  and 

contain  the  axis  of  the  cavity. 

4.  Azimuthal  tension  is  greater  than  tension  in  the  r-z  plane 
at  depths  down  to  those  comparable  to  the  depth  of  the 
cavity.  At  depths  similar  to  that  of  the  cavity  and  below, 
tension  in  the  r-z  plane  begins  to  exceed  azimuthal  tension. 
Such  stresses  can  produce  failure  configurations  similar 

to  those  observed  in  laboratory  experiments,  namely, 
a  combination  of  a  vertical  crack  (caused  by  the  azimuthal 
tension'  in  a  plane  containing  the  cavity  axis  together  with 
a  horizontal  crack  (caused  by  the  r-z  tension),  which  cuts 
through  the  bottom  of  the  cavity. 


Figure  5-20  (also  Fig.  4.1-6)  shows  the  beat  example 
available  of  this  theory.  The  cavity  in  this  block  of 
pink  Jasper  quart2ide  is  only  2  inches  deep  (one  half  the 
height  of  the  block),  whereas  in  other  cases  the  cavity 
nearly  penetrated  blocks  of  this  size  before  splitting. 

In  these  latter  cases,  the  horizontal  cracks,  clearly 
visible  in  Figure  5-20,  could  not  develop.  Moreover,  this 
quartzite  is  very  fine  grain,  homogenous,  and  isotropic. 

Note  also  the  fine  cracks  and  the  lifting  of  the  material 
near  the  top  edge  of  the  cavity. 

5.  The  region  over  which  the  stresses  act  expands  with  time, 
as  one  would  expect.  The  depth  of  the  stress  field  exceeds 
the  depth  of  the  cavity,  particularly  for  longer  piercing 
times. 

6.  For  each  piercing  time,  the  calculations  show  nontrivial 
values  in  the  cold  region  where  the  tensile  stress  is  many 
times  greater  than  a  typical  tensile  strength  of  rock 
(vlO3  psi). 

Because  of  the  uncertainty  u  the  temperature  calculation,  it 

was  deemed  instructive  to  look  at  the  effect  that  a  drastic  change  in  the 

assumed  rate  of  heat  propagation  has  on  the  calculated  thermal  stresses 

in  the  rock.  Accordingly,  stress  calculations  were  made  for  piercing 

times  of  5,  20,  and  300  seconds  for  which  th®  thermal  diffuslvity  was 
-3  2 

assumed  to  be  5x10  cm  /sec  i.e.,  just  half  the  value  used  in  the  original 
calculations.  The  procedures  followed  were  identical  to  those  used  with 
the  original  diffuslvity.  The  results  were  similar  to  those  of  the 
original  calculation  for  corresponding  piercing  times.  The  lsoatress  plots 
had  nearly  the  sane  shape  in  both  cases,  although  halving  the  thermal 
diffuslvity  reduced  Che  width  of  the  stressed  region  by  15  to  20  percent. 
However,  there  was  on  the  average  no  siginificant  decrease  in  maximum 
value  of  tensile  streas  calculated  for  the  three  piercing  times. 


n 
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5 . 5  Rock  Failure 

Although  the  rock  is  expected  to  fail  under  tenaion,  it  J* 
difficult  to  predict  the  time,  location,  and  configuration  of  the  fracture 
surface.  In  fact,  there  is  actually  no  unique  tensile  strength  for  «  given 
type  of  rock.  As  pointed  out  by  Jaeger  and  Cook  (Ref.  24  p,  140),  "the 
tensile  strength  of  rock  is  more  variable  and  more  influenced  by  specimen 
size  than  any  othei  mechanical  property  of  rock," 

A  promising  .line  of  reasoning  is  based  on  the  proportion  that 
the  variation  in  tensile  strength  with  sample  size  depends  on  statistics, 
The  .larger  the  volume  under  tension,  the  higher  the  probability  of 
initiating  a  failure  somewhere  in  the  volume.  A  situation  of  tills 

type  can  be  described  by  a  version  of  the  so-called  wauknat  link  thoory. 

25 

Jaeger  and  Cook  (Ref.  24  p.  186)  discuss  such  a  formulation  by  Weibull, 
which  is  the  basis  for  the  following  argument,  If  one  calls  AP  the 
probability  that  a  failure  occurs  within  o  small  volume  of  rock  AV, 
then  a  probability  density  dP/dV  can  be  defined  as  n  function  of 
position  and  stress  such  that,  for  small  volumes,  the  failure  probability 
is 


AP 


The  probability  S  that  the  whole  rock  survives  with  no  failure  is  given 
by  the  product  of  the  survival  probabilities  1  -  AP  of  all  the  volume 
elements  making  up  the  entire  volume  of  the  rock. 


n 

S  “  7T  (1 
i  -  1 


dP 

dV 


AVt) 


Taking  the  logarithm  of  both  sides  converts  the  product  into  a  sum, 
which  for  the  condition  (dP/dV)AV^  <<  1,  becomes 


In  S 


batting  n  to  Co  Infinity  as  AV f  goes  to  aero  oonvorta  the  sum  to  an 
integral,  ami  the  failure  probability  P  •  1  »  8  becomes 

P  •  1  -  exp  1-  J  $  dV 

V 


This  expression  glvea  ch«  probability  that  a  failure  will  occur  somewhere 

within  the  rook,  For  simplicity  Woibull  eseumse  a  power  law  (or  dP/dV 
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g . Ivan  in  tha  notation  of  Hudson  by 


such  that 

f  t  m 

P  «  1  -  exp  -  (  *  )  dV  j 

o 

V 

where  m  and  s^  are  constants  depending  on  the  type  of  rook,  and  a,  a 
function  of  position,  la  the  maximum  principal  tensile  stress  (in  psi), 
Although  Hudson  found  sq  and  m  to  vary  somewhat  with  volume,  It  Is  In¬ 
structive  to  use  some  typical  values  that  ho  obtained  from  measurements 
on  red  granite,  i,e.,  sQ  '  2000,  and  m  ■  6,  These  vsluea  together  with 
the  calculated  stresses  as  a  function  of  position  and  time  (from  section 
5,3)  result  in  plots  of  probability  density  shown  in  Figure  5-21. 

The  quantity  plotted  in  Figure  5-21  is  actually  dP/dA,  i.s.,  the 
probability  of  failure  per  unit  area  rather  than  per  unit  volume  and  is 
more  appropriate  for  a  case  with  cylindrical  symmetry  than  is  dP/dV.  The 
quantity  (dP/dA)  AA  represents  the  probability  that  a  crack  will  occur 
somewhere  in  a  ring  of  small  cross-sectional  area  AA  *  ArAs  located  at 
radius  rj  dP/dA  is  given  by 
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The  contour*  plotted  in  Figure  5-21  are  for  dP/dA  »  1,  10, 

100,  1000,  10,000,  end  100,000.  Panels  (a)  through  (f)  represent  piercing 
times  of  3,  10,  20,  40,  80,  and  300  seconds,  respectively.  These  results 
are  for  a  9-kW,  150-kV  beam,  with  a  1/2  inch  standoff  distance.  The 
probability  P  that  the  rock  will  crack  somewhere  turns  out  to  be  essentially 
unity  for  each  of  the  piercing  times  considered.  The  contours  in  Figure 
5-21,  however,  show  graphically  the  points  at  which  the  cracks  ure 
most  likely  to  start. 

It  is  apparent  from  the  figure  that  cracking  commences  as  soon 
as  piercing  begins  and  continues  with  increasing  vigor,  presumably  until 
the  number  and/or  sire  of  the  cracks  alter  the  geometry  of  the  rock  so 
much  that  the  stress  relief  invalidates  the  model  used  for  the  cal¬ 
culation.  By  that  time,  of  course,  the  rock  has  suffered  large-scale 
failure,  which  is  the  objective  of  the  process.  However,  the  details 
of  how  and  when  the  large  cracks  begin  to  propagate  are  not  yet  under¬ 
stood.  The  degree  to  which  small  cracks  formed  early  relieve  the 
stress  is  unknovm  as  is  the  effect  of  these  small  c Lacks  being  overtaken 
by  the  advancing  front  of  molten  rock.  Further  study  of  this  subject 
will  be  Recessary  to  determine  the  extent  to  which  such  a  complicated 
sequence  of  events  does  occur.  One  would  also  like  to  know  to  what 
extent  such  a  process  would  alter  the  temperature  field,  and  at  what 
point  the  cracks  cease  to  be  localized  and  propogate  far  from  the  cavity. 

It  is  pure  conjecture  at  this  time,  but  the  occurrence  of  mac¬ 
rocracks  may  have  nothing  to  do  with  the  microfracturing  near  the  melt- 
front  and  is  only  determined  by  the  heat  flow  and  stress  in  the  deeper 
layers  of  the  solid  rock.  Such  a  situation  would  be  in  agreement  with 
our  observations  and  the  stress  field  data  from  our  idealized  calculations. 
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6.  MACHINERY  AND  SYSTEMS  TESTS 


6,0  General  Comments 

To  prevent  possible  misunderstandings,  let  us  repeat  here  that 
the  present  contract  did  not  call  for  the  development  of  an  electron  gun. 
The  only  part  of  the  contract  calling  for  the  construction  of  hardware 
concerned  a  carriage  for  the  electron  gun  to  make  it  sufficiently  mobile 
that  it  could  be  manipulated  in  front  of  a  rock  face  in  the  field. 
Construction  of  the  gun  itself  was  started  at  the  Westinghouse  Research 
Laboratories  already  prior  to  the  inception  of  the  contract,  using 
existing  components  from  experimental  electron  beam  welder  systems  to  the 
maximum  extent  possible,  and  using  for  the  auxiliaries,  like  for  instance 
the  vacuum  pumps,  items  whieh  happened  to  be  available  at  the  time.  The 
additional  developmental  effort  on  the  gun  was  directed  at  packaging  the 
components  in  such  a  fashion  that  a  mobile  gun  would  result,  which  could 
also  stand  the  rigor  of  outdoor  use.  One  more  very  essential  feature 
which  was  developed  and  incorporated,  and  which  is  not  present  in  the 
electron  beam  welders,  is  a  long  beam  transfer  column  which  brings 
the  beam  exit  forward  to  the  end  of  a  long  arm  or  long  "gun  barrel". 

It  was  felt  that  this  feature  was  essential  for  a  rock  cutting  machine, 
because  there  is  no  room  for  bulky  equipment  near  the  work  face  of  a 
tunneling  or  mining  operation}  whatever  room  there  is,  is  needed  for  the 
mucking  equipment  to  remove  the  debris.  In  fact,  statements  have  been 
made  that  an  electron  gun  as  such  is  too  big  and  bulky  to  be  combined 
with,  for  instance,  a  mechanical  mole  or  an  auger  which  would  sweep 
up  the  debris  which  the  electron  beam  produces.  Our  machine  proves  that 
this  is  not  so.  We  have  a  functionable,  reliable,  rugged  electron  gun 
with  a  long  beam  transfer  column  of  relatively  small  cross  sections. 

On  the  other  hand,  neither  under  the  present  contract  nor  under  our  in- 
house  development  program  have  we  attempted  to  build  the  ultimate  moc^l 
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of  an  electron  beam  rock  cutter. 

A  description  of  how  the  present  machinery  looks  "from  the 
outside"  has  already  been  given  in  Section  4.2  as  introduction  to  the 
description  of  the  tests  in  Stction  4,3.  The  following  subsections  will 
describe  (a)  our  experiences  in  combining  the  present  electron  gun  with 
the  mobility  equipment,  (b)  the  operational  aspects  of  gun  and  mobility 
system,  (c)  the  safety  precautions  that  have  to  be  taken  in  view  of  the 
x-rays  which  are  produced,  and  (d)  summary  of  the  experiences  with  respect 
to  the  performance  of  the  present  electron  gun  in  these  first  tests 
made  out  of  doors. 

6 . 1  Combining  Electron  Cun  and  Carriage 

6.1.1  Problems  with  pump  mounts  and  vacuum  hoses 

The  electron  gun  was  shipped  to  the  Sunnyvale  site  in  April  of 
1972  to  be  mounted  on  the  carriage  which  has  been  described  in  Appendix  A. 
As  mentioned  there,  certain  shortcomings  of  the  carriage  drive  system 
were  recognized  but  not  corrected  at  the  time;  it  was  unfortunately 
assumed  they  would  not  seriously  interfere  with  the  intended  tests. 

The  electron  gun,  which  had  to  be  mounted  on  this  carriage,  was  shown 
in  Figure  4.2-1.  Also  visible  in  this  figure  are  the  four  vacuum  hoses 
from  the  gun  to  a  small  set  of  pumps.  For  reasons  of  pumping  efficiency 
it  is  necessary  to  keep  the  length  of  these  hoses  to  less  than  eight 
feet.  The  pumps  must,  therefore,  be  placed  close  to  the  gun.  Mounting 
space  for  this  set  of  pumps  had  been  provided  on  the  carriage;  but  the 
actual  mounting  frame  for  the  pumps  became  only  available  in  August  1972. 
When  finally  the  pumps  were  mounted  on  this  frame,  the  movement  of  these 
hoses  was  found  to  be  restricted  by  some  members  of  the  frame  itself; 
additional  clearances  could  not  be  provided  because  of  the  restricted 
space  on  tue  carriage. 
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After  some  modification  to  the  mounting  frame,  mainly  cutting 
it  down  so  that  the  hoses  could  swing  freely  and  unimpeded  by  the  struc¬ 
ture  of  the  frame  itself,  we  ended  up  with  the  system  shown  in  Figure  6-1. 
This  is  actually  a  view  of  the  gun  and  carriage  from  the  other  side  than 
the  one  shown  in  Figure  4.2-4.  It  is  evident  that  the  clearance  be¬ 
tween  the  rear  of  the  gun  and  the  stand  for  the  vacuum  pumps  is  marginal, 
and  that  the  hoses  are  flexed  to  their  limit;  furthermore,  the  yaw  move¬ 
ment  of  the  gun  is  also  limited  by  the  hoses.  Actually,  the  pump  stand 


Fig.  6-1  Vacuum  hoses  between  gun  and  auxiJiary  pump  stand.  Lt  had 

been  better  if  the  auxiliary  pump  stand  would  follow  the  yaw 
movement  of  the  gun;  as  it  is,  the  flexibility  of  the  hoses 
limits  the  yaw  angle.  The  four  thin  hoses  near  the  upper 
edge  of  the  picture  are  hydraulic  lines;  in  Lhe  lower  right 
corner  the  hydraulic  piston  motor  for  the  pitch  drive  can  be 
seen . 
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tig.  6-2  (left):  Main  pump  stand  and  small  air  compressor  for  the  over-pressure  chamber  of  the  gun 
the  gas  bottle  contains  SF^  to  refill  power  supplies,  if  r*;ed  arises. 

F8g.  6-3  (right):  View  of  small  pump  stand  and  junction  box  (riding  on  the  gun  carriage)  with  main 


should  have  been  mounted  on  the  turntable  for  the  yaw  movement,  so  that 
the  flexibility  of  the  hoses  was  only  needed  to  accommodate  the  pitch 
movement  of  the  gun. 

In  the  lower  left  of  Figure  6-1,  a  4"  diameter  and  a  3" 
diameter  hose  connected  in  parallel  lead  to  the  back-up  pumps,  which  are 
shown  in  Fig.  6-2.  Here  these  two  hose  lines  can  also  be  seen. 

Figure  6-3  is  another  view  of  gun,  auxiliary  pumps,  and  main 

pumps . 

In  spite  of  the  somewhat  abusive  handling  of  the  flexible 
* 

vacuum  hoses  ,  they  remained  tight  and  caused  no  problems  whatsoever. 

6.1.2  Operator's  Observation  System  and  Control  of  Gun  Movements 

In  order  to  use  the  gun  intelligently,  the  operator  must  be 
able  to  see  what  it  does.  Since  a  direct  view  at  the  working  area  is 
blocked  by  the  necessary  x-ray  shields,  a  periscopic  mirror  system  must 
be  used  to  look  around  and  behind  this  shield  at  the  work  area.  How 
these  mirrors  were  placed  was  already  shown  in  Fig.  4.2-7  to  4.2-18. 

One  of  the  overhead  mirror  periscopes  was  located  immediately  behind  the 
control  panel  (Fig.  A-9)  for  the  electron  gun  carriage.  But  the  distance 
to  the  electron  beam  work  area  was  large;  therefore,  the  picture  which 
the  operator  saw  was  too  small  to  be  very  useful  as  Fig.  4,2-13  shows. 

We  also  found  that  the  overhead  mirror  on  top  of  the  cutting  area  be¬ 
came  covered  with  fine  rock  dust  very  quickly  and  ther  by  lost  its 
usefulness.  The  mirror  located  on  the  side  and  below  the  actual  cutting 
area  as  shown  in  Figure  4,2-14  proved  to  be  the  most  useful  one. 
Remarkably,  it  never  suffered  any  damage.  Th4s  mirror  could  either  be 
used  with  overhead  periscope  on  the  operator's  stand  or  in  conjunction 
with  the  telescopic  periscope  in  the  lead  door  which  is  shown  in 
Figure  4.2-15.  To  see  what  was  really  going  on  in  the  cutting  zone, 
this  telescope  was  absolutely  necessary.  An  example  was  already  given 
in  Figure  4.2-17, 

2",  3”  and  4"  hoses  from  PLASTIFLEX  Corp.,  Elk  Grove  Village,  Illinois, 
60007. 
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It  proved  not  possible  to  control  the  gun  position  and  move¬ 
ment  entirely  from  the  operator’s  stand.  For  setting  the  standoff 
distance,  for  Instance,  prior  to  any  cutting,  another  man  had  to  go  close 
to  the  gun  and  direct  the  operator  by  hand  signals  to  move  It  forth  or 
back.  The  various  positions  of  the  gun  carriage  could  not  be  read  out 
on  any  dial  setting  or  counters  etc.  This  would  have  been  very  useful. 

We  also  found  that  the  carriage  once  set  to  a  certain  position, 
would  not  remain  there  but  because  of  pressure  changed  in  the  hydraulic 
system  would  move  slowly  forward  in  the  X-direction;  the  yaw  angle  would 
also  change,  partly  in  response  to  the  pull  exerted  by  the  flexible 
vacuum  hoses,  and  because  the  hydraulic  actuator  system  did  not  permit 
the  settings  to  be  locked.  This  had  to  be  done  on  a  makeshift  basis. 

It  has  already  been  mentioned  in  Appendix  A  that  the  speed  setting 
required  the  fine  adjustment  of  a  hydraulic  valve.  Resetting  these 
valves  for  a  predetermined  speed  proved  time  consuming.  On  the  other 
hand,  thesu  settings  had  to  be  changed  oft.en,  for  instance,  if  after 
r.  cut  at  slow  speed  the  gun  was  to  be  moved  to  another  position  quickly. 

It  was  not  possible  to  obtain  a  smooth  horizontal  traverse. 

The  chai.r»  drive  introduced  some  irregularities  with  a  pitch  equal  to 
the  length  of  a  link  of  the  chain.  Besides,  the  horizontal  movement 
excited  vibrations  in  the  yaw  movement;  the  latter  had  a  particularly 
sof t  response  and  the  suspension  system  of  the  gun  did  not  go  through 
the  center  of  gravity  so  that  every  horizontal  push  also  produced  a 
moment  around  the  yaw-axi.i.  The  faster  horizontal  traverses  which  we 
made,  and  which  are  described  in  Section  4.3,  therefore  give  the 
appearance  as  if  they  had  been  made  by  a  sewing  machine.  As  a  con¬ 
sequence,  in  none  of  our  tests  could  we  attempt  to  make  a  real  spall- 
cuts  where  it  it  very  essential  that  the  correct  speed  and  power 
setting  are  closely  maintained,  aa  explained  elaewhere. 

If  the  gun  is  set  et  any  one  yaw  or  pitch  angle  other  then 
zero,  then  the  Z-axls  and  the  gun  axia  are  no  longer  parallel.  It  ia 


then  no  longer  possible  to  move  the  gun  in  and  out  parallel  to  the 
axis  of  the  beam.  From  a  purely  practical  point  of  view,  a  small 
movement  of  the  gun  in  the  direction  of  the  beam  axis,  whether  it  is 
tilted  in  the  yaw  mode  or  in  the  pitch  mode,  would  have  been  very  useful. 

Within  the  narrow  confines  of  the  shielding  walls  it  was  not 
readily  possible  to  move  the  main  carriage  for  the  electron  gun,  although 
it  has  three  wheels  and  was  sitting  on  a  concrete  floor;  a  small  tractor 
or  similar  vehicle  for  pushing  the  carriage  could  not  be  brought  into 
the  confines  of  these  walls.  However,  since  the  X-movement  of  tne  gun  was 
limited  to  3  feet,  it  would  have  been  advantageous  to  quickly  relocate 
the  main  carraige  by  a  few  feet. 

The  wheels  of  the  main  carriage  had  no  breaks.  Therefore,  when 
a  Z-movement  of  the  gun  was  started,  for  instance  to  retract  it  from  the 
rock  face  after  too  much  debris  had  built  up,  the  main  carriage  started 
to  rock  and  longitudinal  vibr  Lons  were  induced  in  the  drive  system. 

Once  more,  it  was  not  possible  from  the  operator's  station  alone  to 
reset  the  gun  to  the  proper  distance. 

The  above  mentioned  shortcomings  of  the  drive  system  and  the 
operator's  control  must  be  corrected  before  the  system  is  taken  to  the 
field  for  further  test'.. 

For  any  fuither  tests,  a  closed-circuit  television  system 
should  also  be  install  d  which  shows  on  a  screen  above  the  operator's 
console  wbut  is  going  on  in  the  cutting  region. 

6 , 2  Shielded  beam  catcher  for  alignment  work  cn  the  electron  gun 

If  the  electron  gun  has  been  shipped  to  a  new  test  site, 
for  instance  from  Pittsburgh  to  Sunnyvale,  or  if  for  any  one  reason 
the  transfer  column  has  been  dismantled  and  reassembled,  certain 
alignments  have  to  be  made  to  the  gun  and  Us  magnetic  focusing 
lenses,  which  are  not  critical  but  nevertheless,  necessary.  For  t^ese 
alignments  we  have  not  installed  any  remote  control  devices;  at  present 
they  consist  of  several  knobs  and  set-screws  on  the  gun  column. 
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Since  theue  settings  must  be  made  under  power,  the  gun  column  must  be 
shielded  against  x-rays,  as  indeed  it  is.  Furthermore,  we  need  a 
beam  target  which  is  coupled  to  the  gun  column  in  such  a  way  that  a 
continuous  x-ray  shield  is  achieved.  A  simple  lead  box  with  a  water- 
cooled  beam  catcher  of  copper  is  actually  all  that  is  needed.  The 
photographs  of  Figure  6-4,  show  the  gun  coupled  to  such  a  lead  box. 

It  is  now  possible  to  stand  directly  beside  the  gun  column  when  the 
beam  is  fired  into  the  shielded  catcher,  and  make  the  necessary 
alignments.  A  close-up  view  of  the  front  end  of  the  gun  facing  the 
shielded  catcher,  is  shown  in  Figure  6-5.  A  description  of  the  kinds  of 
alignnent  which  must  be  made  will  be  found  in  Section  8.3. 

We  needed  to  make  these  alignments  only  once,  when  the  gun 
was  fired  up  the  first  time  after  shipment  to  Sunnyvale.  Throughout  all 
the  tests  at  Sunnyvale  the  beam  transfer  column  was  never  opened,  and 
the  gun  itself  only  opened  once  for  m  exchange  of  cathodes,  hence  no 
realignment  was  ever  necessary. 

6.3  X-Ray  Safety 

6.3,0  General  Comments 

Where  fast  electrons  are  stopped  (whether  the  beam  goes  into 
air  or  whether  it  hits  a  target  like  rock)  x-rays  are  produced.  X-ray 
shielding  is  Well  understood  and  easily  accomplished.  Very  sensitive 
and  reliable,  yet  inexpensive  alarm  devices  are  available  to  warn  oper¬ 
ating  personnel  of  the  continuous  or  occasional  presence  of  x-rays. 

They  can  be  interlocked  with  a  beam-off  switch.  When  the  electron  beam 
is  off,  there  are  no  x-rays  and  no  residual  radiation  of  any  kind.  This 
fact  emphasizes  an  important  difference  between  radioactivity  (and  the 
associated  long-term  internal  accumulation  of  radioisotopes  by  biological 
systems)  and  x-ray  production,  which  represents  only  a  temporary  (external) 
condition,  against  which  one  can  guard  oneself. 
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Fig.  6-5 


Gun  facing  water  cooled  beam  catcher  V  inside  of  lead  box  1. .  When  box 
is  closed  the  operator  can  stand  beside  the  gun  running  at  full  power 
and,  through  lead  glass  windows,  observe  beam  shape  and  alignment;  the 
gun  proper  is  completely  self-shielding.  M  is  the  lead  shroud  which 
stays  on  the  gun.  A  lead-room  is  not:  required  t:o  assemble  and  test  the 
electron  gun.  In  this  picture  the  copper/molybdenum  shroud  has  been 
removed  fr^m  the  front  end  of  the  gun  to  make  the  small  round  viewing 
window  accessible,  which  permits  seeing  the  beam  inside  the  steel, 
chamber  S. 
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Although  arrays  are  the  major  disadvantage  of  an  electron-beam 
system,  handled  with  proper  understanding  they  are  more  an  inconvenience 
than  a  danger.  The  fol lowing  sections  present  a  summary  of  the  major 
considerations  in  x-ray  safety  ami  an  account  ol  our  activities  in 
thi*  connection. 

^.i 

As  , efined  by  the  California  Radiation  Control  Regulations,* 
the  electron  hearo  gun  falla  into  the  category  of  "radiation  producing 
machines"  ami,  therefore,  must  b«  registered  with  the  State  Department 
of  Public  Health.  Public  Health  Department  authorities  have  been 
contacted  regarding  registration  requirements,  State  regulations  also 
govern  such  items  tm  radiation  protection,  warning  sign  markings, 

personnel  monitoring,  etc,  Compliance  with  those  regulations  poaed 

** 

no  d  ff Iculties, 

Some  of  the  radiation  surveys  which  w y  later  performed  (Section 
6,1,*  and  5)  were  conducted  in  conjunction  with  personnel  from  the 
California  State  Dept,  of  Public  Health, 

t> ,  1 , 2  X-Ray  Concretion  haws 

Much  lias  been  written  on  x-ray  shielding,  and  unfortunately 
much  of  it  Is  very  confusing.  Tt  seems  Justified  therefore  to  give 
hero  a  cone  iso  summary  of  x-ray  facts,  because  the  user  of  the  electron 
guns  has  to  live  with  and  understand  these  facts.  Pig.  6»6a  shows  the 
spectrum  (wavelength  or  hardness  distribution)  of  x-rays  generated  by 
electrons  of  different  energy  (voltage)  un  ft  tungsten  target.  The 
smooth  curves  depict  what  is  called  the  Uremaatrahlen-specirum  generated 
by  the  stopping  of  the  eluc irons;  the  little  peaks  are  characteristic 

* 

California  Radiation  Control  Regulations,  Title  17,  Public. 
Health,  California  Adminstrative  Code,  Chapter  5,  Subehapter  A,  Sections 
30100  through  30397. 

ik  iHt 

Legal  Exposure  Limits  are  listed  on  page  6-17, 
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ipectval  lines  of  the  tungsten.  the  shortest  wavelength  (greatest 
hardness)  of  th«  Rremsstre! ’en»eurve  la  given  by  i  4  «  13. 4/^  Angstrom** 
(for  K0  in  kV>.  Fig*  6-6b  shows  how  the  speotrum  from  a  200  kV  source 
is  modified  by  a  copper  absorber  of  various  thickness.  Fig*  6-6c  and 
d  show  how  the  spectrum  and  the  total  intensity  of  the  x-ray*  are 
different  for  different  observation  angles  with  teapect  to  the  electron 
beam  direction. 

Aa  for  the  effect  which  the  x-raye  have,  for  inatanoe  on  man, 

It  la  not  the  energy  flux  in  empty  apace  that  counta,  but  rather  how 
much  of  it  is  absorbed,  This  absorbed  part  is  call  the  "dose"  and  is 
measured  In  rads  (symbol »  rd)^,  the  dose  per  unit  time  is  measured  in 

rede  per  hour  (or  rd/h)  etc,  One  rad  ie  100  erge/g. 

When  correcting  for  differing  effects  on  vnrioua  materials 
of  the  human  body  by  varioue  types  of  ionising  radiation  one  replaces 
doses  in  rade  with  "doee  equivalent"  (OK)  which  ia  measured  in  torn. 
Government  imposed  limits  on  acceptable  doeee  for  workers  are  expressed 
in  rent,  For  x-rays  rad  and  rum  are  essentially  equivalent,  An  additional 
simplification  is  chat  tor  purposes  at  shielding  safety  the  dose  rate 
in  rum  per  hour  can  be  tuken  to  be  numerically  equal  to  the  exposure 
rate  in  Roentgens  per  hour  (K/hr)  as  measur'd  by  an  x-ray  exposure 
meter,  as  they  are  commercially  available. 

2 

Onu  must  know  the  total  x-ray  energy  flux  (e.g.  In  Watt/m  ) 

and  the  spectral  distribution  to  predict  what  the  doee  exposure  rate 

in  R/hr  and  ultimately  the  DE  will  be.  The  conversion  factor  a  from 
2 

W/ra  to  R/sec  is  given  by  the  curve  in  Fig.  6-6e, 

To  assess  a  given  situation  with  respect  to  the  required  pre¬ 
caution  and  necessary  shielding,  the  most  important  quantity  we  need 
to  know  is  the  total  x-ray  energy  flux  (in  all  directions)  generated  by 
a  given  x-ray  tube  or  electron  beam  target.  This  amounts  to  asking 
for  the  conversion  efficiency  from  electron  beam  energy  to  x-ray 


'l  Angstrom  -  lO’cm 
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Fig,  6-6»  Basic  facts  about  x-ray  generation,  (a)t  Spectrum  of  the 
x-rays  as  function  of  the  electron  beam  voltage. (b):  Change  of  the  spectrum 
due  to  filtering  (or  shielding)  by  copper  sheets  of  various  thickness. 

(c)  and  (d) i  Dependence  of  spectrum  and  intensity  upon  direction  of  obser¬ 
vation.  (e)  Relationship  of  the  energy  flux  density  of  the  x-rays  and  the 
Rontgen-dosis  measured  in  air.  ((a)  and  (b)  —  adapted  from  D,  Nachtigall: 
"Dosimetry  and  Radiation  Protection,"  Munich  1970;  (c)  and  (d)  adapted  from 
F,  Regler,  "Phys,  of  x-rays  and  gamma-rays,"  Munich  1967,  (e)  adapted  from 
R.  Jaeger,  in  Landolt-Boernstein  "Numerical  Values  and  Functions,"  6th  Ed.. 
Vol.  1V/3,  p.  992,  1957], 
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energy,  which  is  given  by  equation  (1)  below.  Fortunately,  under  our 
conditions  the  conversion  efficiency  is  low,  in  the  order  of  1%. 

After  looking  at  the  various  aspects  of  x-ray  generation 
depictod  in  Fig.  6-6  it  will  be  appreciated  that  it  is  not  an  easy 

i " 

task  to  make  an  accurate  prediction  of  the  x-ray  dose  which  one  will 
find  around  on  electron  beam  target,  but  a  good  enough  estimate  can 
be  made  as  follows: 

Efficiency  of  x-ray  generation  by  an  electron  beam: 

n  «  ^  -  Energy  flux  in  the  x-rays  (total) _  fl) 

Wq  Energy  flux  carried  by  the  electron  beam  o  o  v  ' 

Z  «  atomic  number  of  target  substance. for 

—6  1 

E  <  1  MV  one  finds  n  ■  (l+.3)xl0  hence: 
o  o  “ 

n  «  Z  X  Eox  10“ 6  <Eo  in  kV)  (1*’ ) 

At  1  m  from  the  source  the  energy  flux  density  is  l/4ir  the  total 
x-ray  energy  which  is  generated  (assuming  a  uniform  spherical  distribution 
but  see  Fig.  6.3-ld,  hence: 

1  -2 

F  «  7—  n  W  W  m  (at  1  m  from  the  source) 

x  o 

(W  is  the  electron  beam  power  in  watt), 
o 

This  flux  is  inversely  proportional  to  the  square  of  the  distance, 
considering  the  target  area  as  a  point  source. 

3 

The  absorbed  energy  per  cm  per  sec  and  the  exposure  rate  R^ 
(R/sec)  are  not  only  functions  of  the  energy  flux  but  of  the  quantum 
energy  (or  "hardness,"  or  "voltage")  of  the  x-rays.  The  approximate 


relationship  is  given  by  the  curve  in  Fig.  6.3-le  where  a  «*  F  /R 
«  —1  x  x 

W  in  /R  sec”  .  Hencei 

Rx  “  a  Fx  “  TffJ  n  Wo  R/8ec  <at  1  m>  (3) 

In  the  range  of  70  Eq  <  200  kV  an  average  value  of  a  ■  3  W  m”2/R  sec”1 
may  be  used.  (The  dimensions  here  may  seem  confusing,  but  the  Roentgen 
implicitly  contains  the  area  already  in  its  definition,  just  as  the  watt 
contains  the  time). 

If  we  measure  the  electron  beam  current  Iq  in  milliampere  and 
Eo  in  kv*  then  w0  “  IoEoJ  hence  we  ®ay  write  for  (3): 

0  2 

Vx0  “  TZa  2Eo  R  mA_i  sec”1  («t  1  m)  (4) 

with  nQ  a  1x10  8  and  a  ■  3  this  gives 

Rx/I0  “  2.7xl0”8  ZEq2  R  mA"1  sec”1  (at  1  m)  (4;) 

We  can  now  calculate  the  expected  x-ray  dose  for  our  situation  from 
either  (3)  or  (4).  It  will  strongly  depend  upon  the  atomic  number  Z  of 
the  target  material.  Let  us  assume  a  "worst  case"  situation,  namely 
a  tungsten  target  with  Z  *  74.  Then,  with  Eq  -  150  kV  we  get  from  (4^): 

R  /I  -  .045  R  mA“1sec”1  (at  1  m) 

X  Q 

*2.7  R  mA  1  min  1  (at  lm) 

A  30  kW  beam  of  150  kV  carries  Iq  ■  200  mA,  hence  it  produces  an  x-ray 
flux  of 

Rx  *  540  R/min  (at  lm) 

-  32  400  R/h  (at  1  m) 

This  is  the  x-ray  intensity  against  which  we  have  to  provide  proper  shielding. 


6*3.3  X-ray  tolerance  levels  and  shielding 


(a)  Tolerance  levels: 


The  x-ray  dose  which  people  may  possibly  receive  from  any  such 
source  as  the  e.b.  rock  cutter  must  stay  below  a  certain  tolerance  level, 
which  is  established  by  law. 


Confusion  often  exists  because  of  the  fact  that  the  law  says 
actually  nothing  over  which  period  of  time  the  tolerance  dose  may  be 
accumulated,  except  that  it  is  given  as  a  13-week  average.  Therefore 
the  x-ray  intensity  in  a  normally  unoccupied  although  accessible  area 
can,  without  danger,  be  higher  than,  say,  at  the  permanent  operator's 
station  of  the  machine. 


The  legal  limits  are  listed  in  Table  6-1. 


Note  that  if  1.25  Roentgen  may  be  accumulated  over  a  period  of 
13  weeks  at  5  working  days  at  8  working  hours,  then  the  maximum  per¬ 
missible  continuous  dose  rate  is 


Rx  ■  2.4  raR/hour 

The  operator's  station  should  not  normally  see  a  higher  x-ray  flux,  but 
even  a  100X  increase  for  1.  minute  once  in  a  week  is  still  harmless. 

The  Instantaneous  x-ray  flux  was,  in  all  our  tests,  measured 
by  proper  instruments,  for  instance  a  Victoreen  Type  440  survey  meter. 
Each  operator  also  had  an  audible  sensor  and  alarm  device  and  carried  a 
film  badge  for  the  registration  of  the  accumulated  dose,  and  wore  a 
low-energy  sensitive  dosimeter .  (See  also  6.3.5) 

The  x-ray  intensity  produced  by  the  machine  (See  Section  6.3.2) 
must  be  attenuated  by  proper  barriers  or  absorbers  to  a  value  of/or 
below  the  tolerance  limit,  whereby  the  hourse  of  use  etc.  can  be  taker 
into  account. 
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Table  6-1  Legal  x-ray  exposure  limits. 

MAXIMUM  PERMISSIBLE  OOSE  (MPO)  VALUES  OF  THE  NATIONAL  COMMITTEE 
ON  RADIATION  PROTECTION  INCRP) 


Annual  MPD 

Oroan  of  Ref  trance  (ram) 1 


13-Week  MPO 
(reml 1 


Whole  body  5  3 

Heed  and  trunk  5  3 

Active  blood-forming  organs  5  3 

Gonads  5  3 

Lens  of  the  eyes  *  5  3 

Skin  of  whole  body*  10  6 

Hands  and  forearms  75  25 

Feet  and  ankles  75  25 


For  each  organ  of  reference  listed,  the  NCRP  states  that  the  annual  MPD  may  be 
exceeded  at  any  time  provided  the  13-week  MPD  is  not  exceeded,  and  provided  the  MPD 
total,  to  the  organ  in  question,  accumulated  at  any  age,  shall  not  exceed  the  annual  MPD 
multiplied  by  the  number  of  years  beyond  18. 

The  radiation  levels  to  uncontrolled  areas  shall  be  such  that  it  is  improbable  that 
any  individual  will  receive  a  dose  of  more  that  0. 5  ram  in  any  one  year. 


OCCUPATIONAL  EXPOSURE  LIMITATIONS  OF  10CFR  PART  203 


Organ  of  Reference 

13-Week  1 
(rami' 

Whole  body 

1-1/4 

Head  and  trunk 

1-1/4 

Active  blood-forming  organs 

1-1/4 

Gonads 

1-1/4 

Lens  of  the  eyes 

1-1/4 

Skin  of  whole  body 

7-1/2 

Hands  and  forearms 

18-3/4 

Feet  and  ankles 

18-3/4 

The  annual  limit  in  each  case  is  simply  four  times  the  13-week  limit.  An  Individual 
may  be  permitted  to  receive  up  to  3  rem  in  any  13-week  period,  and  hence  12  ram  per  year 
to  any  or  all  of  the  first  five  organs  of  reference  fisted  provided  the  total  accumulated  occ- 
pitlonei  dose  to  the  whole  body  shall  not  exceed  5  rem  multiplied  by  tha  numbers  of  years 
beyond  18.  In  order  to  use  this  rule,  an  employer-must  first  determine  the  individual  life¬ 
time  occupational  dost. 

Tha  radiation  levels  In  unrestricted  arias  should  be  such  that  they  an  not  likely  to 
causa  any  Individual  to  raceiva  a  dose  to  the  whole  body  in  any  calendar  year  that  is  In 
excess  of  0, 5  ram. 

*  For  X-rey*  the  rem  (roentgen-equivalent-man)  is  equal  to  the  roentgen, 

2 

This  1 1  mi t  applies  to  radiation  of  tow  penetrating  power  such  es  electron*  and  low  energy 
X-rays  (under  50  kV)  ¥r 


4  For  X-ray*  the  rem  (roentgen-equl valent-man)  is  equal  to  the  roentgen, 
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To  what  extent  various  materials  will  block  or  absorb  x-rays 
is  shown  In  Fig.  6-7  a  and  b.  Practical  considerations  suggest  using 
either  lead  sheet  or  concrete  blocks  for  shielding,  but  earth,  sand, 
gravel,  granite  boulders  etc.  may  very  well  be  used  if  locally  readily 
available . 

For  shielding  design  we  can  assume  Chat  the  operator  is  at  least 

2  m  away  from  the  source  (see  Fig.  4.2-6).  The  atomic  number  of  the 

target  is  no»-  74  (tungsten)  but  lower,  since  the  major  constituent  of 

rock  is  silicon  with  atomic  number  14.  The  unshielded  beam  would  then 

(following  the  calculation  in  Section  6,3.2)  generate  an  exposure  rate 

at  the  operator  area  of  3600  R/hour.  This  must  be  reduced  to  2.4 

mR/h  by  proper  shielding.  The  required  factor  is  obviously  1.5x10** 

12 

which  is  equivalent  to  about  a  factor  2  ,  or  12  "half-value  layers" 

of  shielding  material.  From  Fig.  6-7a  we  see  that  for  200  kV  x-rays 
the  half-value  thickness  of  lead  is  .050  cm;  a  lead  barrier  of  .6  cm 
will  therefore  provide  more  than  adequate  shielding,  since  we  are  not 
even  working  with  200  kV  but  only  with  150  kV  x-rays.  The  shielding 
box  for  the  beam  catcher  shown  in  Fig.  6-5  is  made  of  1/4"  lead  sheet, 
and  was  always  proved  adequate. 

If  we  want  to  use> concrete  for  the  shielding,  we  see  from  Fig. 
6-7a  that  its  half-value  thickness  for  200  kV  x-rays  is  2.5  cm;  again 
we  need  12X  this  thickness  or  a  total  of  30  cm.  The  walls  of  the 
radiography  room  at  Sunnyvale  were  much  thicker  (see  4.2-6), 

As  a  cross  check  for  the  above  calculation,  or  instead  of  it, 
the  x-ray  flux  from  a  tube  operated  at  a  certain  voltage  and  current, 
and  attenuated  by  shielding  of  various  thickness  may  also  be  obtained 
from  graphs  published  in  N.B.S,  Safety  Handbook  #93.  (Ref.  1$),  if 
extrapolated  to  our  conditions. 
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Half-Value  Thicknesses  for  Various  Materials 


Gamma 


Energy  (MeV) 

0.1 

0.2 

0.5 

1.0 

2.0 

5.0 

Material 

Half-Value  Thickness  (cm) 

Aluminum 

1.60 

2.14 

3,05 

4.17 

5.92 

9.11 

Iron 

0.26 

0.64 

1.07 

1.49 

2.09 

2.84 

Copper 

0.18 

0.53 

0.95 

1.33 

1.86 

2.47 

Lead 

0.012 

0.068 

0.42 

0.90 

1.34 

1.44 

Lead  * 

0.024 

0.050 

0.31 

0.80 

1.20 

Water 

4.14 

5.10 

7.17 

9,82 

14.05 

23.02 

Air* 

35.5 

43.6 

61.9 

84.5 

120.5 

195.8 

Concrete  * 

1.75 

2.38 

3.40 

4.65 

6.60 

10.28 

Concrete  * 

1.75 

2.54 

3.26 

4.51 

6.12 

*  These  are  half-value  layers  for  heavily  filtered  constant-potential  X-rays. 

*'  P°r  a*rt  distances  are  given  in  meters  and  inverse-squarc-distunce  effects  are 
neglected. 

'  Average  concrete  density  is  2.35  g/cm." 


Pig.  6-7a 


pp.  144-1  JO.) 


Man-absorption  coefficients.  (From  RiulMogUal  Health  Handbook, 


Pig.  6-7b 
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It  is  not  necessary*  and  In  our  rock  cutting  operation  not 
always  possible*  to  enclose  the  work  area  or  x-ray  source  completely  and 
hermetically  with  an  x-ray  shield  of,  say*  1/4"  lead.  On  the  other 
hand,  it  is  not  sufficient  either  to  have  only  a  barrier  between  the 
x-ray  c.jurce  and  the  operator.  In  this  case*  scattered  x-rays  may 
reach  the  operator's  station  over  and  around  the  barrier.  The  work 
area  at  Sunnyvale  was  open  at  the  top.  If  any  part  of  the  primary 
x-ray  beam  would  pass  over  the  shielding  walls  then  the  back-scatter 
from  the  air  alone  would  be  enough  to  increase  the  x-ray  Intensity 
at  the  operator's  station  and  in  the  surrounding  area  to  above  the 
tolerance  level.  While*  as  we  have  said,  the  x-ray  shield  must  not  be 
hermetically  tight,  it  must  nevertheless  intercept  the  primary  x-rays 
in  all  directions.  Back-scattering  from  the  air  is  sometimes  called 
"sky-slilne."  Worse  than  this  sky-shine  is  the  back-scattering  of  the 
primary  x-rays  from  any  more  solid  object  which  lies  in  the  range  of 
the  primary  x-rays  and  at  the  same  time  in  the  field  of  view  of  the 
operator. 

We  had  initially  provided  a  horizontal  sky-shine  shield  consist¬ 
ing  of  a  1/4"  lead  panel  backed  up  by  a  plywood  frame  and  suspended 
over  the  work  area.  This  is  shown  in  Fig.  6-8a.  However*  since  the 
concrete  walls  of  the  work  room  were  rather  far  from  the  test  specimen, 
some  of  the  primary  x-ray  radiation  could  pass  below  the  sky-shine 
shield  and  get  over  the  concrete  walls.  Consequently  the  scattered 
radiation  in  the  surrounding  of  our  work  area  became  intolerably  high 
at  full  beam  power.  We  therefore  had  to  provide  additional  side 
shields  which  also  consisted  of  1/4"  lead  bonded  to  a  plywood  frame. 

Fig.  6-8b  shows  how  such  shields  against  stray  radiation  must  ba  aet  up 
properly.  The  essential  point  is  to  intercept  the  primary  x-ray  beam 
in  every  one  direction. 

The  primary  x-raya  travelling  towarda  the  electron  gun  muat 
also  be  intercepted.  The  gun  itself  doss  intercept  part  of  these 
x-raya;  however*  for  operation  at  full  power  we  found  it  necessary  to 
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attach  a  larger  lead  panel  to  the  gun,  as  shown  in  Fig.  6-8  and  also 
in  Fig.  4.2-10.  Such  a  shielding  panel  will  not  interfere  with  the 
movement  of  the  gun  because  it  can  be  hinged  and  therefore  will  swivel 
and  keep  itself  parallel  to  the  rock  face  when  the  gun  is  adjusted  under 
an  angle  other  than  90°  to  the  rock  face.  There  is  nothing  difficult 
about  it  once  the  principle  which  one  has  to  follow  is  understood. 

For  work  underground  or  in  a  tunnel  the  rock  of  the  wall  will 
provide  complete  shielding  and  only  a  back-stop  on  the  gun  would  be 
needed  plus  some  local  shielding  for  the  operator. 

Secondary  scattering  of  the  already  scattered  radiation  usually 
does  not  cause  problems,  because  the  intensity  is  low.  Yet  a  final 
check  must  always  be  made  in  the  form  of  a  radiation  survey  using  properly 
calibrated  instrumentation. 


I 

4 

f 
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6.3.4  Measurements  in  the  primary  beam  ? 

Considering  the  approximate  nature  of  the  x-ray  flux  calculations, 
as  explained  above,  we  felt  some  measurements  should  be  made  on  our  own  ? 

machines,  which  differ  from  x-ray  tubes  in  that  they  have  no  "window." 

Two  series  of  such  measurements  were  made,  one  at  the  e.b.  welder  in-  • 

« 

stallation  in  Pittsburgh,  one  at  the  installation  in  Sunnyvale.  The  *-■ 

latter  survey  was  ct  ducted  in  conjunction  with  Mr.  K.  Wong  of  the  T, 

i  | 

California  State  Dept,  of  Public  Health,  on  October  26,  1972,  Certain  ‘ J 

differences  in  the  conditions  existed.  Insofar  as  at  Pittsburgh  we 

measured  the  x-ray  flux  inside  a  small  shielded  room  using  electronic  |  j 

instruments;  at  Sunnyvale,  we  used  film  badges  and  the  work  area  was 

rather  spacious,  hence  back-scatter  conditions  were  different.  f j 

The  following  ie  an  account  of  both  studies: 

j  j 

(a)  Direct-X-ray  Intensities  from  non-vacuum  e.b,  gun  (at  i  i 

Pittsburgh)  June  1971. 

Radiation  rates  from  x-rays  produced  by  the  9kW  non-vacuum  M 

electron  beam  welding  gun  have  been  measured  with  the  view  in  mind  of 
specifying  the  amount  of  shielding  required  for  the  36  kW  rock  cutting  i  j 

i  *  > 
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machine.  A  Nuclear  Chicago  model  2588  Cutie  Pie  meter  with  a  model 
2520  ion  chamber  served  as  the  x-ray  detector  and  was  used  in  the  in¬ 
tegration  mode.  The  electron  beam  gun  operated  at  150  kV  and  produced 
a  1.5  mA  beam,  which  was  directed  downwards  at  a  target  which  was  per¬ 
pendicular  to  the  beam  and  0.8  in.  below  the  gun  muzzle.  Two  different 
target  materials  were  used:  tungsten  and  aluminum.  In  addition  } 
measurements  were  made  with  no  target  in  place,  in  which  case  the  electron 
beam  was  dissipated  in  the  atmosphere.  The  detector  was  positioned  in 
a  plane  which  was  perpendicular  to  the  beam  and  14  cm  above  the  target. 

The  detector  to  target  distarce  was  100.0  +0.5  cm. 

The  ion  chamber  of  the  detector  had  a  thin  window  so  as  to 
permit  detecting  low  energy  photons.  It  was  possible  to  cover  the 
window  with  a  plastic  cap  (beta  shield),  which  substantially  reduced 
the  sensitivity  to  energies  below  about  20  keV.  However,  for  energies 
greater  than  about  25  keV  the  sensitivity  was  independent  of  photon 
energy  to  within  about  +  5  percent  and  was  also  independent  of  whether 
the  beta  shield  was  in  place  or  not.  (The  calibrations,  given  by  the 
manufacturer,  were  made  with  the  axis  of  the  ion  chamber  pointing  toward 
the  x-ray  source  when  the  shield  was  off  and  with  the  axis  perpendicular 
to  rays  from  the  source  when  the  shield  was  on.  In  our  tests  we  used 
the  appropriate  orientation  depending  upon  whether  the  shield  was  on 
or  off.) 

To  simulate  approximately  the  conditions  described  in  the 
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N.B.S.  Safety  Handbook  ,  we  took  one  measurement  with  a  1/8  in. -thick 
aluminum  plate  between  the  x-ray  source  and  the  detector.  Thus  we 
filtered  out  much  of  the  very  low  energy  radiation  in  a  way  which  allowed 
us  to  compare  our  measurements  with  the  handbook  values.^ 

As  a  consistency  check  on  our  procedures,  equipment,  and 
theory,  we  made  one  measurement  at  a  distance  of  71.0  +  0.5  cm,  which 
is  a  factor  1//2  closer  than  100  cm.  As  a  result  the  radiation  rate 
roughly  doubled,  as  one  would  expect  from  the  1/r  law.  (This  law  la 
niaut  use  of  the  shielding  specifications  given  in  the  N.B.S.  Handbook.) 


The  following  table  summarise!*  the  x*rsy  oxpoHuve  rati*  measure- 
ments  according  to  the  various  conditions.  The  rates  have  been  scaled 
down  by  a  factor  of  2/3  to  correspond  to  a  beam  current  of  1  mA  rather 
than  the  l.S  mA  actually  used. 

Note  that  installing  the  bsta  shield  cuts  the  measured  exposure 
roughly  in  half,  a  fact  which  Indicates  our  x-ray  upoctrum  it  strongly 
peaked  in  the  region  below  20  keV.  Not*  also  that  the  proport ions 1 It y 
between  the  x-ray  exposure  and  atomic  number  of  chs  target  material, 
while  approximately  satisfied  in  comparing  our  data  for  aluminum  and  air, 
breaks  down  in  the  case  of  tungsten.  Theoretically  one  might  expect  the 
rate  for  tungsten,  based  on  that  for  aluminum,  to  be  2,0 7  x  74/13 
*  11.8  R/mA  min,  rather  than  the  5.72  R/mA-min  actually  measured. 

This  measured  value  is  just  1/2  as  great  perhaps  because  of  self  ab¬ 
sorption  in  the  tungsten  target  (the  mass  absorption  coefficient  for 

tungsten  is  30  to  120  times  as  large  as  for  aluminum,  whereas  tho 
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electron  range  in  g/cm  is  comparable  for  the  two  materials). 


X-Ray  Exposure  Rate  Measurements;  9kW  150  kV  electron  beam  gun  operated 
with  target  in  air. 

Target  Material 

Measured  Exposure  Rat 
R/mA  min 

at  1  m  distance 

.e 

at  .71  m 

Tungsten  (Atomic  Number  74) 

C9.85] 1  5.72  [1.46) 2 

14.1 

Aluminum  (Atomic  Number  13) 

2.07 

- 

Mr  (Average  Atomic  Number  8) 

[3.20]1  1.60 

- 

1)  Detector  without  Beta-Shield. 

2)  1/8"  Aluminum  filter  in  the  path  of  the  x-ravs 
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On  the  ether  hand  the  theoretical  valuta  according  in  eqn,  (1)  and  (4) 
Section  6, 3,1  are  lower  i  they  oorreepnnd  to  radiation  filtered  by,  perhaps 
1/lb"  aluminum,  but  auch  discrepancies  concerning  the  eoft  ami  of  the 
radiation  epeotrum  are  of  little  consequence  for  the  shielding  requirement#* 

With  reference  to  the  table  ti  measured  x-ray  exposure  pro¬ 
duced  with  the  tungsten  target,  when  filtered  through  1/8  in,  of  aluminum, 
is  very  close  to  the  value  <vl,4)  given  In  the  N,fi,8,  Handbook*”  for 
pulaed  x-ray  tube  with  a  3  mm  aluminum  filter  hut  operated  with  a  peak 
voltage  of  200  kV,  Shielding  for  200  kVp  la  probably  adequate  for  our 
case  of  130  kV  do  since  'he  higher  assumed  peak  voltage  in  the  pulaed 
waveform  case  tend a  to  compensate  for  the  higher  average  voltage  in  the 
do  ci.se.  Using  oui  meusui  ament  with  the  Conga  ton  target  (worat  caae 
aituution)  and  the  aluminum  shield  we  calculate  that  the  10  kW  gun, 
running  at  240  mA,  will  produce  0x10  H  during  a  40  hour  week  at  a 
distance  of  1  ra.  Extrapolating,  the  200  kVp  curve  given  in  Fig,  17  of 
the  N.B.S,  Handbook  we  find  that  10  mm  Pb  shielding  reduce#  this  isdiation 
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by  a  factor  of  10  ,  tluis  bringing  the  dose  level  for  an  operator, 
working  as  close  as  1  m  from  toe  work  area,  to  a  value  of  80  mr/veek, 
which  is  below  the  standard  accepted  value  of  100  mr/week.  Actually, 
a  10  mm  thickness  of  t*b  gives  much  more  than  sufficient  shielding 
end  serves  here  mainly  as  an  Mxample,  for  in  practice  the  operator 
will  be  moie  than  3  m  away,  observing  the  work  area  with  a  telescope. 

In  addition,  the  x-ray  intensities  will  be  generally  lower  than  what 
our  measurement,'  would  seem  to  indicate  since  the  beam  penetration 
into  the  work  piece  during  cutting  and  we1 ding  will  result  in  signifi¬ 
cant  self-shielding.  The  x-ray  intensity  when  cutting  rock  will  be 
reduced  still  further  since  it  in  composed  of  materials  typically  with 
atomic  number  between  8  and  20,  Such  radiatio.  ,„ore  nearly  corresponds 
to  that  from  ‘.he  Aluminum  target  rather  than  the  tungsten  one. 

(b)  Direct  beam  measurements  at  Sunnyvale 

The  gun  vss  operated  at  130  kV  70  mA  (10,5  kW),  facing  the 
granite  block  in  tie  stationary  piercing  mode  with  an  initial  stand-off 


d»*uw»e  af  1,5",  (After  a  snort  tins  a  piercing  cavity  daveloped, 
producing  a  xeK-ihieiding  effect),  Kills  badges  wort  placed  ft  various 
locations  a*  identified  in  tits  (allowing  table, 


BMfces  lewniwwe 

Radge 

Mbi 

Wt  ^  rinnriw^mgstaHB  maxi  wner.*flam* 'Mi»aii-t«ee 

uiitanue  from  Paint 
of  beam  impingement 
.(ianh) /meter 

llnglFST 

Exposure 

(.rfinl 

Total  Dose 
(mU) 

ewmw— n^nUswie  wi  wtwtsWaw 

Unit  Rxpoaui a Rate 

R  mA"  Sain"*  (at.  1  m) 

739- 005 

24, 8  (.03  m) 

43 

300000 

0,038 

-00« 

\n* 

45 

420 

re 

-001 

24,8  (,43  m) 

3 

33000 

0,087 

o 

% 

78  (1,98  m) 

3 

1700 

0.032 

-010 

78  (1.98  m) 

43 

12300 

0,013 

-0d0 

ISO* 

43 

no 

. 

- 

i _ 

* Hodge  numbers  7  59-009  and  739-020  were 

shielded  by 

the  "elephant  ears" 

on  tho  iyn  column.  All  otbsr  badges  were  exposed  to  direct  radiation 

for  the  time  indicated. 

Several  points  are  obvious:  (i)  the  badges  from  behind  the 
le«a  ,'tnel  on  the  gun  (the  "«i*phanc  ears")  indicate  a  very  low  flux  of 
scattered  radiation::  a  tan  could  safely  stand  behind  such  a  sirgle  lead 
shield  barrier  fo«  several  minutes,  (ii)  The  "Unit-JSxposure-Rate"  pro¬ 
duced  by  the  direct  beam  la  10  to  100  times  ieea  than  predicted  theo¬ 
retically  or  based  on  the  measurements  at  Pittsburgh,  The  reason  is 
aelf-shi elding  of  the  beam,  or  rather  the  x-ray  generating  region,  in 
and  below  the  rock  face  (piercing  process:  not  prenent  during  the 
measurements  at  Plttsubrgh  using  a  low  power  beam),  For  both  film 
badge  location?  the  3  min  exposure  produced  twice  as  high  a  "Unit 
Exposure  Rate"  than  the  45  iuin  exposure P  since  the  self-ehieldlng  effect 
increases  with  the  depth  of  the  cavity,  i.e,  with  time.  Regrettably, 

a  3  sec  exposure  was  not  made:  its  results  would  bs  really  interesting. 
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(ill)  The  l/t  -law  is  not  fulfilled:  probably  some  scattered  radiation 
contributed  to  the  measurement r  or  the  self-shielding  effect  was  different 
in  the  different  directions  where  the  film  badges  were  placed. 


In  conclusioni  Thnru  are  no  pusaloa  nnd  no  difficultly*  with 
inspect  to  the  x-ray  generation  by  the  rock  cut  tar  electron  beumj  aelf- 
shielding  U  clearly  demonstrated ,  la  affective,  and 'reduce!  shielding 
requirement  to  Home  extant,  but  even  without  it,  any  radiation  which 
la  produced  nan  be  shielded  and  confined  readily. 
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Initially  we  had  only  a  aky-ahine  shield  au  shown  in  Pig.  6-0a. 
Starting  the  gun  at  low  power  revealed  immediately  the  presence  of  ex¬ 
cessive  stray  radiation,  Hence  additional  lead  panelo  were  placed 
to  the  right  and  left  of  the  granite  block  and  a  swinging  lend  panel 
on  the  gun  a«  shown  already  in  Pig.  4,2-4  and  others.  Thus  all  the 
primary  x-rays  were  intercepted  us  indicated  in  Fig.  6-8b  and  c. 

Since  we  needed  a  beam  catcher  for  quickly  measuring  the 
cur i eat  l;  Just  moving  the  gun  up  to  It  we  suspended  a  steel  plate  in 
front  of  the  rock  as  shown  in  Pig,  6-9.  Firing  a  beam  at  it  from  a 
large  distance  so  that  it  would  not  melt  revealed  that  we  had  lost  so 
much  self-shielding  by  the  nearby  gun  that  radiation  levels  became  too 
high  au  full  beam  powk.u;  besides,  the  plate  melted  anyway.  The  simple 
remedy  consisted  in  using  u  beam  catcher  with  a  deep  hole  into  which 
the  beam  is  fired,  and  with  a  wall  so  thick  as  to  absorb  all  internally 
generated  x-ruya,  A  steel  cylinder  at  6"  Q.D.,  2"  I.D.,  12"  long 
was  used;  it  is  shown  in  Fig.  6-10. 


(b)  Final  radiation  survey 

Before  regular  opeic  ions  started  a  final  radiation  survey 
was  taken.  Fig,  6-11  shows  how  this  was  done,  Radiation  intensities 
measured  at  various  locations  are  shown  in  the  plan  view  of  Fig.  6-12 
and  6-13, 

Radiation  levels  increased  when  the  stand-off  distance  from  the 
rock  was  Increased,  but  not  beyond  the  tolerance  levels. 
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Steel  plate  at  6"  stand-off 
distance  will  not  stand  up  to 
full  beam  power;  besides,  this 
target  configuration  produces 
the  strongest  x-ray  flux 
because  self-shielding  is  at 
a  minimum. 


The  steel  plate  is  partly  punc¬ 
tured;  some  electrons  reach  the 
rock  behind  it  which  begins  to 
fluoresce  and  later  to  glow  and 
spall . 


The  end  result  is  a 
hole  in  the  steel 
plate,  and  a  spalla¬ 
tion  crater  in  the 
rock. 


Fig.  6-9 
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Hollow  steel  block,  6"  O.D.  with  2'  dia.  hole  10"  deep,  will  get  red  hot 
but  will  not  melt  if  beam  is  dissipated  in  the  hole.  The  gun  can  be 
moved  over  to  this  beam  catcher  quickly  for  a  tune-up  of  the  transmission 
current  and  back  to  the  work  face.  This  catcher  is  self-shielding  and 
x-ray  flux  is  minimal. 
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If  the  beam  is  misaligned  the  catcher  will  melt.  The  deep  narrow  melt 
trace  in  the  right  picture  is  another  proof  that  the  beam  stays  confined 
for  a  considerable  distance,  even  in  the  atmosphere. 

Fig.  6-10 
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A  radiation  survey  Is  taken;  where  people  walk  the  radiation  level  is 
much  less  than  the  7-hour  per  day  40-hour  week  permissible  dose  rate; 
the  radiation  intensity  which  comes  over  the  well  is  higher,  but  still 
not  dangerous  in  case  of  a  short  exposure,  because  the  direct  beam  is 
intercepted  by  local  lead  shields. 
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Pig.  6-12  Radiation  aurvay  reaulta  with  electron  beam  directed  into 
th#  stael  beam  catcher.  Numbers  give  mR/h  at  various 
location* .  Slcctron  beam  97  mA  at  154  kV. 
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c)  Measures  to  assure  crew  safety 


1)  At  the  rear  of  the  operator's  control  for  the  gun  a  radiation 
me ter /monitor  was  mounted  (see  Fig.  A-9)  which  would' trigger  an 
interlock  relay,  shutting  off  the  beam  if  radiation  levels  exceeded 

a  pre-set  limit. 

2)  The  gun  was  started  initially  (each  morning)  at  low  power. 
During  this  start-up  phase  any  anomalous  situation  would  have  been  de¬ 
tected  without  encountering  high  radiation  levels. 

3)  Each  member  of  the  crew  working  near  the  rock  cutter  had 
an  audible  alarm  device  which  gave  a  chirping  sound,  the  frequency  of 
the  chirps  being  the  greater  the  higher  the  radiation  intensity.  At 
the  2  mR/h  level  at  least  several  chirps  per  minute  could  be  heard. 

4)  A  calibrated  survey  meter,  Vlctoreen  Type  440,  sensitive  to 
even  very  soft  x-rays  was  always  operational  and  sitting  on  top  of  the 
operator's  control  console,  clearly  visible  to  anyone. 

5)  Everyone  carried  a  registered  film  badge.  During  the 
complete  series  of  tests  reported  here  the  accumulated  doses  for  5  persons 
were  as  follows;  15  raR,  10  mR,  10  mR,  25  mR,  and  5  mR. 

6)  The  access  door  to  the  work  area  (a  sliding  d.»or  with  1/4" 
lead  on  plywood)  had  an  interlock  switch.  It  could  also  be  opened  from 
the  inside,  should  someone  find  himself  in  the  work  area  and  the  gun 
come  on.  (Not  likely  in  our  two-man  operation). 

7)  Whether  or  not  the  gun  was  r^ru.'ing  was  evident  at  all  times 

and  everywhere  from  the  singing  noise  of  the  4  ti*  'gh  voltage  trans¬ 
formers.  i 

8)  Xn  a  later  field  installation  a  warning  signal  could  be 
Installed  Inside  the  x-ray  area,  eoundlij  an  alarm  before  the  beam  is 
turned  on,  and  also  a  cut-off  button  (or  string)  with  which  one  can 
prevent  it  from  coming  on,  should  someone  be  trapped,  A  good  viewing 
system  for  the  operator  would  part  of  the  safety  precautions. 

*^8berllne  Instrument  Corp.,  Sente  Fe,  New  Mexico,  RAD-TAD 
Detector  Model  RT-1. 
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6.4  Performance  Record  of  the  Electron  Gun 


We  had  Intended  to  conduct  the  field  testa  of  electron  beam 
rock  cutting,  as  they  are  described  in  this  report,  with  an  electron 
gun  capable  of  projecting  a  36  kW  beam  into  the  air,  and  at  the  same 
time  with  a  gun  having  a  long-reach,  long-barrel  beam  transfer  column. 
The  reasons  for  building  such  a  long-barrel  gun  have  been  discussed 
elsewhere  in  this  report. 

Unfortunately,  the  initial  layout  of  the  magnetic  lenses  etc. 
for  the  long  transfer  column  introduced  certain  limitations  on  the 
maximum  beam  current  which  could  be  transmitted  through  the  beam  exit 
nozzles,  the  sizes  of  which  were  determined  by  the  size  of  the  vacuum 
system. 


Some  delays  in  the  original  program  occurred  because  time 
was  spent  trying  to  overcome  these  limits  on  the  transmitted  beam 
power,  and  Indeed  we  found  that  the  problem  could  be  solved  by  reducing 
the  distance  between  the  exit  nozzle  and  the  second  magnetic  lens. 

The  gun  proper  (cathode,  grid,  and  anode)  was  capable,  at  all  times, 
of  delivering  the  expected  higher  beam  current.  More  details  on  the 
electron  optics  are  discussed  in  Section  8.  Implementing  the  necessary 

changes  in  gun  design  would  have  delayed  the  test  program  still  more; 

and  it  was  considered  more  important  to  proceed  with  the  tests,  even 
at  the  lower  power  of  the  machine.  No  doubt  existed  then  or  now  that 
guns  with  higher  power  can  be  built;  at  present  a  gun  with  49  kW  beam 
output  (same  exit  nozzles  as  the  rock  cutter)  at  165  kV  Is  in  operation 
in  our  laboratory. 

Unfortunately  and  incorrectly,  the  delay  in  the  test  program 
because  of  the  developmental  work  on  tho  gun,  waa  in  some  discussions 

attributed  to  reliability  aspects  of  the  gun.  As  a  matter  of  feet,  the 

electron  gun  and  the  beam  transfer  system  to  air,  in  its  prssent  form, 
when  operated  at  or  below  the  stated  power  level  are  absolutely  reliable 
devices.  In  support  of  this  statement  we  want  in  the  following  paragraphs 
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to  summarize  the  service  which  the  present  rock  cutting  machine  has 
seen,  in  connection  with  the  development  tests  aud  cutting  tests  which 
have  been  described  in  other  sections  of  this  report. 

(a)  Operations  started  with  about  100  hours  of  testing  of  the 

electron  optical  system  and  the  long  beam  transfer  column.  In  the 
initial  start-up  and  these  subsequent  tests  no  trouble  was  encountered 
with  the  gun  proper,  which  consists  mainly  of  the  high  voltage 
insulator  system,  the  cathode  turret,  and  the  auxiliary  power  supply 
(floating  at  the  -150  kV  dc  potential  level).  One  set  of  mlcarta 
insulators  supporting  the  auxiliary  power  supply  chassis  voltage 

deck)  showed  arc  tracking  marks  after  some  time;  it  was  replaced  by 
micalex  insulators  which  did  not  deteriorate.  All  drives  etc.  going 

to  the  high  voltage  deck  for  controlling  cathode  power,  bias  voltage, 
and  turret  rotation  have  worked  trouble-free.  The  main  high  voltage 
insulator  did  not  require  cleaning  even  once  since  it  was  installed; 
as  a  precautionary  measure,  it  was  cleaned  prior  to  shipment  of  the  gun 
to  the  Sunnyvale  test  site.  The  safe  operating  voltage  exceeded  175  kV 
(the  maximum  no-load  voltage  which  the  power  supplies  could  give). 

(b)  The  beam  transfer  column,  in  connection  with  the  oarlv 
attempts  at  getting  higher  beam  power  transmitted,  was  badly  abused  in 
these  tests.  This  abuse  led  to  burn-up  of  the  lower  nozzles  with  en 
associated  flow  of  metal  vapore  and  other  debris  into  the  higher  stages 
of  the  system.  In  spite  of  these  conditions  the  gun  proper  kept  firing 
a  beam;  no  arc-out  occurred;  no  dirt  got  into  and  accumulated  in  the 
high  vacuum  gun  chamber  or  on  the  high  voltage  Insulators. 

Certain  vacuum  seals  in  the  beam  transfer  column  initially 
suffered  heat  damage,  notably  tha  seals  of  the  ball  valve.  (It  was  not 
recognized  that  the  valve-ball  is  essentially  floating  on  the  rubber 
sealing  pads  and  has  therefore  no  effective  cooling  by  heat  transfer  to 
other  metal  parts;  hence,  even  a  weak  but  continuous  current  of  stray 
electrons  would  heat  this  valve-ball  to  an  excessive  temperature.) 
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The  problem  was  solved  by  incorporating  a  larger  ball  valve  and  shields 
against  stray  electrons. 

(c)  It  was  demonstrated  that  the  cheap,  2"  diameter  oil 
diffusion  pumps  which  we  use  on  the  electron  gun  chamber  can  tolerate 
an  inclination  of  +30°  to  the  vertical.  It  was  therefore  not  necessary 
to  suspend  them  on  a  fully  flexible  arm,  which  could,  however,  be  done 
if  a  greater  mobility  of  the  rock  cutter  is  desired  than  the  one  which 
we  had  needed  for  the  present  tests. 

(d)  Cathode  life  time  (heater  time  with  or  without  drawing 
beam  current)  was  typically  over  40  hours  (more  than  a  week).  Cathode 
selection  via  turret  rotation  proved  to  be  simple  and  reproducible. 

(The  cathode  can  be  seen,  and  positioned  while  hot,  by  looking  into 
the  beam  transfer  column  from  the  front.) 

During  the  tests  at  the  Sunnyvale  site  four  cathodes  were 
"used  up,"  not  all  from  burn-out  but  becauce  of  dimensional  changes  in 
use  and  loss  of  optimum  focusing  conditions  (see  Section  8).  After  two 
cathodes  had  been  lost,  the  gun  was  opened  at  a  convenient  time  and  the 
two  cathodes  replaced  by  new  ones.  Apart  from  this,  there  was  no  need 
to  open  up  the  gun  during  all  these  tests. 

(e)  While  we  were  installing  and  experimenting  with  the 
optical  beam  position  sensors,  the  gun  and  beam  transfer  column  saw 
another  50  hours  of  service. 

(f)  The  tests  reported  in  Section  4.3.1  were  made  with  this 
gun,  adding  about  another  100  hours  of  beam  time  to  its  testing  cycle. 
As  long  as  the  beam  output  is  monitored  (the  beam  going  either  into  a 
catcher  wit!  meter,  or  its  position  being  monitored  by  the  optical 
sensors)  so  that  alow  drifts  in  position  can  be  corrected,  the  gun  can 
run  indefinitely  at  its  rated  power  level  without  overheating  of  any 
part  of  tha  system. 


(g)  Parallel  operation  of  the  power  supplies,  3  modules 
of  12  kW  rating  each,  posed  no  problems.  It  was  also  possibLe  to 
switch  on  only  one  or  two  modules  at  a  time. 

On  one  occasion  during  the  Sunnyvale  tests  a  rectifier  in 
one  of  the  power  supplies  shorted  out;  tests  were  continued  with  only 
two  power  supply  modules. 

(h)  As  for  the  stability  and  regulation  of  the  Input  voltage' 
(220  volt,  400  Hz)  we  found  the  governor  control  on  the  commercial 
diesel-electric  generator  perfectly  adequate.  During  all  our  rock 
cutting  tests  we  used  only  manual  high  voltage  settings  and  control, 
although  we  have  available  from  the  electron  beam  welders  feedback 
controls  for  maintaining  a  preselected  dc  value  of  the  high  voltage 
regardless  of  beam  current.  (Welding  requires  programmed  current 
changes,  rock  cutting  does  not.) 

(i)  During  shipment  of  the  gun  from  Pittsburgh  to  Sunnyvale 
the  gun  slipped  off  one  of  its  supports  and  fell  to  the  floor  of  the 
truck;  apart  from  a  few  dents  in  a  vacuum  duct  no  damage  occurred. 

When  operations  were  resumed  we  found  the  filament  was  broken  in  the 
cathode  which  was  in  firing  position,  and  which  had  seen  about  10 
hours  of.  beam  time  at  Pittsburgh  prior  to  shipment.  The  second  catuode 
in  the  turret,  which  had  also  been  installed  prior  to  shipment,  was 
functional  and  provided  a  beam  of  16  kW. 

(j)  In  starting-up  the  machine  after  shipment  we  reached  the 
high  voltage  level  of  165  kV  without  any  difficulty;  there  was  no 
deterioration  or  contamination  in  the  gun  chamber  or  on  the  Insulators 
due  to  shipment  and  nearly  4  months  of  "storage"  time. 

(k)  The  front  end  of  the  gun,  in  contact  with  the  molten  rock, 
can  endure  considerable  abuse.  Proof  is  shown  in  the  many  photographs  in 
this  report  showing  molten  rock  attached  to  the  front  end  of  the  gun. 
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The  shroud  is  more  likely  to  suffer  damage  than  the  beam  exit  nofV.  lo, 
because  the  latter  are  water  cooled  whereat*  the  shroud  la  not,  (Water 
cooling  of  the  shroud  could  be  installed  readily,) 

(l)  Only  cnce  during  the  Sunnyvale  teal*,  did  we  have  u* 
exchange  the  beam  exit  nozzles,  which  had  become  enlarged  due  to 
beam  drift.  This  required  an  excessive  amount  of  over-pressure  gas 
(helium)  but  did  not  impair  the  vacuum  so  as  to  stop  the  gun, 

(m)  Never  once  did  the  gun  arc-over  and  shut-off.  This  is 
positive  proof  that  no  debrio  (or  dust  or  vapor)  is  sucked  into  the 
gun  chamber,  tn  spite  of  the  rough  conditions  in  the  work  area,  and  in 
spite  of  burned  out  nozzles. 

beam  drift  (for  instance  due  to  unsui.'ed  thermal  conditions 
in  the  first  half  hour  of  operation)  led  at  times  to  an  automatic  shut¬ 
off  by  the  temperature  sensors  at  the  nozzles;  the  response  was  enough 
so  that  no  damage  occurred. 

(n)  At  one  time  unexpected  overnight,  rain  drenched  our  whole 
installation.  It  caused  a  few  shorts,  *•  ^rnt-out  resistors  and  fuses  in 
the  control  cabinet,  but  the  electron  gun  with  its  high  voltage  power 
supplies  and  other  gear  showed  no  adverse  effect;  it  was,  after  all,  built 
to  function  in  the  presence  of  ground  water  and  water  spray. 


The  above  comments  referred  to  the  reliability  of  the  gun  as 
exemplified  during  our  tests.  The  inherent  simplicity  of  an  electron 
gun  (no  moving  parts,  for  instance)  and  other  design  aspects  have  been 
discussed  elsewhere. 


AWWttlX  A 


Uuppot t  aguipmeut,  fur  the  wleetron  beam  gun  comprises  a  gun 
carriage,  All  other  equipment  existed  ;t»  laboratory  equipment  prior 
co  work  on  the  field  teat  program,  no  the  principal  tank  in  thin  area 
wan  the  design  and  manufacture  of  a  carriage  to  support,  position,  and 
manipulate  the  gun  during  field  teat  operations). 

The  carriage  la  designed  to  permit  working  on  vertical  rook 
lace  approximately  H  foot  vide,  U  has  the  capability  to  move  tin  gun 
in  the  horUoutitl  (X~axia)  and  vertical  (Y-axis)  dlrectto  «a  parallel 
to  the  rook  face  and  in  the  horizontal  direct  ion  perpendicular  lo  the  rook 
faoo  (Z-axla)  to  compensate  for  Irroguiarit tea  In  the  rock  aurlace.  The 
attitude  of  the  gun  ivtative  to  the  rock  face  ia  slat  vaiiahie  a  a  the 
carriage  can  rotate  the  gun  in  the  horizontal  (yaw)  and  vertical  (pitch) 
pianos,  (A  ware  cutup tuio  description  of  the  carriage  ia  given  in  the 
carriage  design  specification,  pages  A -A  to  A-IB. 

A 

A-i .  Design  Description 

The  initial  design  concept  consisted  of  a  two-wheeled  trailer, 
which  provides  the  basic  carriage,  and  several  movable  structures  mounted 
on  the  trailer,  which  permit  the  motions  previously  described,  A  rec¬ 
tangular  frame  is  contained  within  the  trailer  frame  and  is  supported 
by  trolley  wheels  that  ride  on  the  longitudinal  members  of  the  trailer. 
This  wheeled  bon  frame  provides  30  inches  of  Z-axi«  motion.  A  second 
rectangular  frame  (the  X-axis  frame)  ia  contained  within  the  2-axis  frame 
and  is  similarly  supported  by  trolley  wheels,  which  ride  on  the  transverse 
members  of  the  Z-axin  frame.  Tito  X-axis  frame  permits  up  to  16  inches  of 


See  pages  following  A- 18  Cor  Che  carriage  assembly  drawings. 


motion  tu  tl\«  X»a*la  dtreoUokk,  A  boating  U  mounted  on  the 

X*uaia  frame  and  support  a  the  carriage  superst rut  turn,  Thin  aoper- 
atruoture/thruMt  hearing  cowblnatlvkik  results  In  a  turntable  that  permits 
rotation  in  the  yaw  mode,  Thu  superstructure  is  comprised  of  two 
vertical  members,  which  support  am!  guide  the  pun  mount  during  motion 
in  the  Y-axis  direction,  The  gun  mount  *  itself,  ts  a  2«lttQh«*diawater 
shaft  that  rotates  a*'d  thereby  provides  the  pitch  rotation  capability. 

The  ends  of  the  pitch  shaft  ate  supported  by  bearingo  incorporated  in 
the  Y-axis  guides,  which  move  vertically  in  the  aforementioned  vortical 
member*, 

Tike  initial  concept  used  a  roller  chain  drive  system,  powered 
hv  do  van ah  In  speed  geavmotors,  Thin  system  was  aelected  becauae  (1) 
l)te  small  power  requirements  would  result  In  a  relatively  low  uuet  drive 
system,  til)  moat  components  appeared  to  be  available  ae  "off-the-shelf" 
hardware,  O)  tike  ahlltty  of  roller  chain  systems  to  function  at  low 
upeed  In  dlkty  environments  with  minimum  of  maintenance  is  a  desirable 
feature,  and  (A)  the  speed  control  capability  of  a  do  drive  aystem  was 
attractive,  initial  design  layout  work  was  done  using  the  foregoing 
dc  motor/roller  chain  system. 

At  this  stage  in  tie  design  task,  1<  became  apparent  (hat 
tike  power  requirements  for  pitch  rotation  had  been  underestimated  and  Chat 
the  low  speeds  required  were  beyor  i  tike  reduction  capability  of  most 
standard  gearraotora.  At  this  point,  tike  low-cost  advantage  of  thla 
drive  system  ceased  to  exist  as  the  estimated  cost  of  the  drive  system 
was  over  $4000.  Alternate  systems  were  Chen  explored  with  the  final 
selection  being  the  hydraulic  system/roiler  chain  combination.  This 
aystem  has  hydraulic  cylinders  and  rotary  actuators  for  powsr  transmission 
and  roller  chains  as  mechanical  synchronising  devices.  It  sacrifices 
the  remote  speed  control  capability  of  the  dc  motor  system  but  hits  other 
advantages,  such  as  (1)  lower  cost  (about  $2500),  (2)  buffering  provided 
by  the  cylinders  (i.e,.  prevent  free  full  of  components)  in  the  event 
of  a  mechanical  failure,  and  O)  good  reliability.  The  spsed  control  is 
retained  through  the  use  of  variable  flow  control  valves  for  all  motiono, 
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although  speed  changes  must  now  b*  accomplished  by  chent*  vn  valve  aettlnga 
Oil  the  carriage,  The  remote  speed  control  feature  could  be  regained 
through  the  uae  of  eervo  valves <  but  Weatinghouae  engineer a  at  Sunnyvale 
felt  that  a  servo  ay item  la  wore  sophisticated  than  la  required  for 
field  test  operations! 

The  following  section  A.-2  contains  the  cerriege  specifications 
as  prepared  in  March  19H  and  presented  with  the  first  Quarterly  Report 
of  1-3Q-71. 
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A- 2  ELECTRON  BEAM  GUN  CARRIAGE  DESIGN  SPECIFICATION 

1.0  SCOPE 

This  document  defines  the  design  parameters  and  characteristics 
for  an  electron  beam  gun  carriage  for  use  in  a  field  test  of  the 
gun's  rock  cutting  capabilities. 

2.0  INTRODUCTION 

2.1  Field  Test  Program 

The  field  test  program  is  intended  to  evaluate  the  electron 
beam  gun  as  a  prime  mechanism  of  fragmentation  in  a  rock 
excavation  process.  The  test  will  be  conducted  in  a-hard 
rock  field  environment  with  objectives  of  establishing  a 
correlation  between  laboratory  test  data  and  field  results, 
and  determining  effects  of  variables  such  as  standoff 
distance  and  cutting  speed.  A  secondary  objective  of  the 
field  tests  is  to  evaluate  gun  handling  and  support  systems 
in  the  field  environment. 

2 . 2  Carriage  Functions 

The  carriage  and  associated  equipment  are  intended  for  use 
with  the  electron  beam  gun  in  the  field  test  program.  The 
carriage  is  the  device  which  supports,  manipulates  and  positions 
the  gun  during  transport  and  cutting  operations.  The  carriage 
also  carries  ancillary  equipment  such  as  vacuum  systems  or 
shielding  required  in  close  proximity  during  these  operations. 
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3.0  GENERAL  REQUIREMENTS 

3.1  Field  Test  Site 

3.1.1  Work  Face 

The  field  tests  will  be  conducted  on  a  large,  relatively 
unfractured  rock  mass.  The  maximum  size  of  the  rock  face 
to  be  worked  from  a  single  carriage  location  shall  be 
eight  feet  high  by  eight  feet  wide.  The  base  of  the  six 
foot  square  work  face  shall  be  at  ground  level,  i.e.,  in 
the  plane  upon  which  the  carriage  rests.  In  order  to 
permit  excavation  of  a  tunnel,  the  total  projected 
frontal  area  of  the  gun  and  carriage  assembly  must  be 
contained  within  the  six  foot  square  work  face  outline 
described  above. 

3.1.2  Test  Site  Environment 

The  field  tests  will  be  conducted  in  surface  excavation 
(quarry)  or  an  underground  excavation  site.  The  ground 
surface  can  be  expected  to  be  crushed  rock  or  earthfill. 

The  carriage  shall  be  designed  to  withstand  and  operate 
under  the  following  environmental  conditions: 

a)  Ambient  temperature:  variable  from 
32°F  to  120°F 

b)  Exposure  to  direct  sunlight 

c)  Exposure  to  intermittent  rainfall 

d)  Atmosphere  containing  abrasive  dust 
or  fine  rock  debris  product  in 
excavation  process. 

3.2  Portability 

3.2.1  Site  to  Site  Movement 

The  carriage  shall  be  designed  in  such  a  manner  as  to 
facilitate  transportation  from  one  work  site  to  another. 

The  carriage  may  be  trailer-mounted  or  mounted  on  a  skid 
requiring  transportation  by  truck.  In  either  case  the 
capabilities  of  a  commercial  carrier  should  not  be  exceeded. 


3.2.2  On  Site  Mobility 

The  carriage  shall  have  the  capability  of  being  moved 
from  one  work  location  to  another  at  the  same  test  site. 

To  achieve  this  mobility  the  carriage  may  be  mounted  on 
wheels  or  equipped  with  skids  for  handling  with  a  fork 
lift.  When  on  location  on  a  work  face,  the  carriage 
shall  be  stabilized  to  prevent  carriage  movement  during 
cutting  operations. 

3.2.3  Support  System  Hook-up 

Carriage  support  systems  such  as  electro-mechanical  or 
electro-hydraulic  power  supplies,  hydraulic  reservoirs, 
etc.  shall  be  designed  with  portability  in  mind  to 
minimize  field  assembly  problems. 

3.2.4  On  Site  Assembly 

t  The  carriage  may  be  disassembled  for  transportation  from 
one  work  site  to  another,  but  on-site  assembly  labor  re¬ 
quired  shall  be  kept  at  a  minimum.  No  special  tooling  or 
equipment  beyond  that  Intended  for  use  in  the  field  test 
program  shall  be  required.  The  carriage  may  require  a 
small  crane  or  light  hoiBting  capability  for  field  assembly. 

3.3  Radiation 

The  electron  beam  gun  produces  non-residual  X-ray  radiation  during 
its  operation.  Components  and  materials  used  in  the  carriage 
drive  systam  should  be  selected  with  operation  and  X-ray  field 
as  a  consideration,  or  shielded  components  may  be  used.  Work 
site  shielding  and  control  station  shielding  is  required  as 
outlined  in  para.  7.1. 

4.0  GUN/CARRIAGE/ANCILLARY  EQUIPMENT  INTERFACES 

4.1  Electron  Beam  Gun  Systems 

A  schematic  diagram  of  the  electron  beam  gun  system  with 
ancillary  equipment  appears  in  figure  1.  Portions  of  the  system 
mounted  on  the  car  -lage  are  indicated  in  the  diagram. 
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ELECTRON  BEAM  GUM 
SYSTEM  SCHEMATIC 
PIG,  A-l 
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4.2  Goa/Carriage  Interface 

4.2.1  EBG  Space  Envelope 

The  space  envelope  Required  by  the  electron  beam  gun 

\ 

Is  approximated  by  a  rectangular  solid  9  fiat  long  by 
4-1/2  feet  high  by  4  feet  wide.  The  EBG  electrical 
terminal  box  occupies  a  space  30  Inches  long  by  32 
inches  high  by  9  inches  wide.  The  gun  space  envelope 
is  shown  in  figure  2. 

4.2.2  Gun  Mounts 

The  mounting  or  attachmaent  structure  of  the  electron 
beam  gun  consists  of  two  structural  plates  welded  to 
each  side  of  the  power  supply  box  in  the  location  shown 
in  figure  2.  Each  plate  has  ten  drilled  and  tapped 
mounting  holes  as  detailed  in  figure  3. 

4.2.3  Weight 

The  weight  of  the  electron  beam  gun  assembly  is 
approximately  1500  lbs. 

4.3  Ancillary  Equipment 
4.3.1  Space  Envelope 

The  epace  envelope  required  for  the  vacuum  pump  system 
for  the  upper  pumping  stages  is  a  rectangular  solid 
approximately  32  inches  high  by  29  Inches  long  by  27 
Inches  wide.  This  apace  envelope  is  illustrated  in 
figure  4.  Due  to  the  vacuum  system  pump  capability,  the 
maximum  allowable  length  of  the  flexible  hose  connecting 
the  gun  and  the  vacuum  system  is  6  feet,  therefore  the 
upper  stage  vacuum  pump  system  must  be  located  on  or 
adjacent  to  the  carriage. 
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ELECTRON  BEAM  GUN 
MOUNTING  DETAILS 
(LEFT  SIDE  SHOWN,  RIGHT  SIDP 
SIMILAR  TO  OPPOSITE  HAND) 
PIG.  A-3 


UPPER  STAGE  VACUUM  PUMP  SYSTEM  SPACE  ENVELOPE 


4.3.2  Vacuum  System  Mounting 

The  vacuum  system  for  the  upper  stages  is  mounted  in 
a  steel  frame  structure  which  may  be  bolted  to  the 
carriage  or  may  be  mounted  on  its  own  dolly  within 
6  feet  of  the  gun. 

4.3.3  Weight 

The  weight  of  uperstage  vacuum  pump  system  and  its 
steel  frame  is  approximately  675  lbs. 

5.0  CARRIAGE  PERFORMANCE 

5.1  Gun  Manipulation 

5.1.1  Axis  Orientation 

For  the  purpose  of  describing  gun  motions  the  axes 
shown  in  figure  5  will  be  used.  The  X  and  Y  axes  define 
a  vertical  plane  parallel  to  the  rock  face.  The  Z  axis 
is  perpendicular  to  the  X-Y  plane  and  the  rock  face  and 
coincides  with  gun  center  line  when  the  gun  is  centered 
on  the  carriage. 

5.1.2  Gun  Motions  and  Limitations 

The  amount  of  gun  motion  may  be  limited  by  the  distance 
from  the  upper  stage  vacuum  pump  system  as  described 
in  para.  4.3.  Maximum  hose  length  between  this  system 
and  the  gun  is  6  feet.  Another  limitation  is  imposed 
by  the  oil  diffusion  pumping  system  used  by  the  gun. 

The  pumps  used  must  be  mounted  so  that  their  longitudinal 
axis  does  not  deviate  more  than  15s  from  true  vertical. 

5. 1.2.1  Rotation  and  Tilt 


Rotation  and  tilt  capabilities  of  the  carriage 
shall  be  defined  in  terms  of  roll,  pitch  and 
yaw.  Roll  refers  to  rotation  of  about  the  Z 
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axis  and  alia 1 1  be  limited  in  within  U*  or  the 
varti cal,  Ptuh  U  denned  a*  Elation  abuut 
che  ,v  axis,  t,e,,  la  the  plana  defined  by  Che 
pun  crane  far  column  ami  Che  vertical*  and  Che 
pun  la  Uni  Cad  to  a  maximum  of  4  13*  pitch » 

The  uarriapa  ahould,  however*  be  designed  with 
Che  capability  for  a  total  pitch  angle  of  90* 
such  as  from  IS*  above  the  horizontal  axta  to 
75*  below  the  horizontal  axlu  to  enable  the 
pun  to  reach  a  work  location  at  the  excavation 
floor.  Vaw  is  defined  aa  rotation  in  a  hori*“ 
ontal  plana  about  cite  vertical  or  Y  axla  there 
are  no  limitations  on  the  amount  of  yaw  which 
can  be  tolerated.  Design  yaw  capability  shall 
be  A5*  minimum  to  eithei  Hide  of  the  line 
perpendicular  to  tl.  work  face, 

5 . 1 . 2 . 2  X  No  tJojQ 

X  axis  motion  (horizontal  traveree)  shall  be 
provldod  az  required  to  enable  the  pun  to  work 
at  6  foot  wide  face.  X-axtH  motion  may  bo 
combined  with  yaw,  (rotation  about  the  Y  axle,) 
to  achieve  the  deal rod  width,  A  minimum  of  3 
toet  of  horizontal  traveree  capability  of  X 
axle  motion  U  desirable, 

5. 1.2. 3  X  Axis  Notion 

X  axis  motion  (vertical  traverse)  shall  be 
provided  as  required  to  enable  the  gun  to  work 
a  6  foot  high  rock  face,  Rotation  about  the  X 
axis  (pitch) ,  may  be  combined  with  X  axis 
motion  to  achieve  the  desired  work  face  height. 
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$.1,2,4  1  Axlx  Motion 

3  axle  Motion  shall  be  provided  Co  permit 
*tw»*  lore  end  ait  wovwwnt  of  nun.  The 
earTUge  *Im11  be  oapable  of  X  axis  Motion 
re  ardloaa  of  gun  attitude.  A  wIiUmum  of 
£  b  inches  notion  from  the  nominal  sun 
operation  poeition  ie  required. 

5.1.2.S 

Motion*  in  X  axis  direction  nay  be  cone cent 
and  Khali  not  exceed  13  inohea  par  minute. 
Velocity  in  all  other  modee  of  operation  refer* 
to  the  velocity  of  the  gun  exit  noxeie  relative 
to  the  work  face.  Velocities  during  cutting 
operation*  ahull  he  variable  from  1  inch  per 
minute  to  10  inches  per  minute  end  shell  be 
controllable  to  within  £  10  percent, 


The  required  carriage  mo<  tone  und  pun  manipulations  are  to  be 
achieved  through  the  use  of  electro-mechanical  or  eleutro- 
hydvaulic  power  transmisaion  ayuteras.  Any  hydraulic  fluids 
used  should  be  f.tre  resistant  such  as  a  phosphate-eater  fluid. 
Electronic  components  used  in  drive  systems  roust  be  shielded 
for  use  in  an  X-ray  field. 


6.0  CONTROLS 

6.1  Quo  Control* 

All  control  stations  shall  contain  roaster  on-off  controls  for 
the  electron  beam  gun.  The  gun  control  console  shall  be  remote 
from  the  carriage  and  located  up  to  200  feet  from  the  electron 
beam  gun. 
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The  operator's  station  shall  be  remote  from  the  raw  tape 
amt  ahaU  contain  all  oontro-la  necessary  to  perform  gun 
manipulations  during  cutting  operations.  The  station 
shall  contain  gun  un-off  controls,  equipment  far  communi¬ 
cation  to  the  other  stations ,  and  a  radiation  level 
monitor  interlocked  with  the  gun, 

The  carriage  and  manipulation  system  shall  he  equipped 
with  controls  and  drive  systems  deeigned  to  stop  the  gun 
in  any  attitude,  in  any  of  its  motions,  and  hold  it  in 
that  position, 

6.2.3 

6.3.3. 1  Oui\  Auh i  1  lar y,  Sy atoms 

The  control  system  shall  he  equipped  with  inter” 
locks  as  neueasary  to  prevent  operation  of  t h«» 
electron  beam  gun  without  required  gun  auxiliary 
systems  Much  as  vacuum,  water  and  air, 

6 . 2 . 1 . 2  Over-Travel 

The  carriage  drive  system  shall  be  equipped  with 
aver-u jvei  interlocks  nr  limit  systems  to  pre¬ 
vent  two-bl'  .-Ulug  the  drlvu  mechanisms . 

6 . 2 . 3 . 3  Interference 

Limit  switches  or  other  sensors  shall  be  located 
on  the  transfer  column  adjacent  to  the  exit 
nosale.  These  shall  be  Interlocked  to  prevent 
driving  tho  gun  into  the  work  face  in  any  of 
the  modes  of  the  gun  motion. 
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6, 2. 3, 4  Radiation 


Radiation  inter locks  shall  bn  provided  a» 
foliOWSt 

a)  Tha  rsdistion  lsvsl  monitor  in  the 
operator's  station  shall  be  interlocked 
to  stop  gun  operation  In  the  event  that 
the  detected  emission  rate  exceede  20 
mllUroentgene  per  hour. 

b)  The  work  site  shielding  doors  shall  be 
interlocked  to  prevent  gun  operation  with 
open  doors. 


7,0  SAFETY  REQUIREMENTS 

7 . 1  Radiation 

Due  to  X-ray  radiation  produced  by  the  gun  during  its  operation 
shielding  must  be  provided  for  the  operator  and  other  field 
tost  observers. 

7 . 1 . 1  Operator's  Station 

The  operator's  station  shall  consist  of  a  plywood  booth 
oheathed  with  lead  .25  inches  thick  and  equipped  with 
leaded  glass  windows.  The  control  Btation  (para.  6.2) 
shall  be  located  within  this  booth.  The  control  station 
shall  be  interlocked  in  accordance  with  para.  6.2.3.4(a). 

7.1.2  Work  Site  Shielding 

The  entire  work  site  shall  also  be  shielded  for  observers' 
protection  by  surrounding  it  with  .25  inch  lead  sheathed 
plywood  fence  or  equivalent  (e,g.  3  or  4  layers  of  dense 
concrete  block),  also  equipped  with  leaded  glass  windows. 
Shielding  doors  shall  be  interlocked  in  accordance  with 
para.  6.2.3.4(b). 
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7.2  Physical  Protection 


Physical  protection  Is  required  to  minini.se  the  possibility  of 
damage  due  to  rock  falling  from  the  work  face  or  from  adjacent 
strata.  Gun  protection  may  be  incorporated  in  the  carriage  o- 
may  be  obtained  from  structure  covering  the  work  site. 

8.0  UTILITIES 

The  following  utilities  are  required  for  operation  of  the  electron 

beam  gun. 

8.1  Electrical 

a)  220  volt,  3  phase,  60  cycle  electrical  power 
at  30  KW  continuous,  60  KW  peak. 

b)  220  volt,  3  phase,  400  cycle  electrical  power 
60  KW  and  75  KVA. 

8 . 2  Air,  Water  &  Helium 

a)  Alv  at  60  lb.  per  sq.  inch  and  200  standard 
cubic  feet  per  minute  (20  SCFM  for  gun  and 
180  for  blast  jet  use). 

b)  Water  at  15  gallons  per  minute  and  50  lb.  per 
sq.  inch,  (5  GPM  for  gun  and  pump  cooling  water, 

10  GPM  for  blast  jet  use  and  rock  face  debris 
removal . 

c)  Helium,  at  rate  of  300  standard  cubic  feet  per 
hour  while  beam  is  on. 
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A- 3  CARRIAGE  TESTING 


Work  cn  the  can  lago  since  delivery  couaittted  of  completing  cite 
electrical  an'  control  systems,  conducting  an  operational  test  of  i  he 
carriage ,  and  making  miner  modifications  as  a  result  of  deficiencies 
observed  in  the  costs.  In-plant  tasting  of  the  KBG  carriage  is  sub¬ 
divided  into  two  categories:  (1)  an  initial  phase  using  a  mock-up 
of  an  EBG ,  and  (2)  a  final  phase  to  verify  operation  of  the  carriage  in 
conjunction  with  the  36-kW  EBG.  The  first  results  of  the  initial  phase 
testing  were  reported  in  the  Second  Quarterly  Ranort,aa  follows. 


1 .  Initlu  1  Teats 

The  initial  phase  of  the  in-plant  testa  consists  of  several 
tests  to  verify  operation  of  the  carriage  hydraulic,  system,  to  obtain 
calibration  datu  for  the  system  velocity  controls,  and  to  detact  and 
measure  any  beam  oscillations  that  might  occur  as  a  result  of  hydraulic, 
transients  or  structural  vibrations.  Preliminary  carriage  tests  were 
perforned  in  a  no-load  condition  to  verify  operation  of  all  components. 
A  concrete  and  steel  pipe  mock-up  of  the  EBG  was  then  constructed  and 
mounted  on  the  carriage  for  the  remaining  tests.  The  mock-up  gun 
approximates  the  field  test  gun  in  space  envelope,  weight,  and  center- 
of-gravity  location.  The  carriage,  with  the  raock-up  gun  installed, 
appears  in  Figure  A-6  through  A-9.  Figure  A-8  is  a  time  exposure  taken 
during  carriage  translation  with  a  light  attached  to  the  end  of  the 
transfer  column  to  record  the  gun  motion.  Although  all  modes  of  opera¬ 
tion  are  represented  in  Figure  A-8,  these  motions  do  not  extend  to  the 
limits  of  the  gun  manipulator.  The  control  panel  for  the  carriage 
is  shown  in  Figure  A-9. 
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After  installation  of  the  mock-up,  a  aeries  of  calibration  tests 
was  run  to  obtain  tha  data  ruquirud  for  velocity  control.  Each  portion 
of  the  carriage  hydraulic  system  is  equipped  with  temperature-  and  pressure- 
compensated  variable  flow  control  valves.  These  valves  will  permit 
repeatable  and  constant  velocity  control  for  each  mode  of  operation.  The 
calibration  consists  of  operating  the  various  portions  of  the  hydraulic 
circuit  at  severe  I  f  low  control  settings.  The  actuation  time  for  each 
operation  is  recorded  and  the  results  plotted  as  beam  velocity  vo.  valve 
setting.  These  tests  will  be  completed  in  early  July. 

The  second  phase  of  testing  will  begin  when  the  36-kW  gun  is 
installed  on  the  carriage,  This  phase  is  comprised  of  a  series  of 
tests  to  recheck  the  previous  valve  calibrate  n  data,  to  identify  any 
physic;  interference  problems  that  may  exist,  and  to  verify  operation 
of  the  ISBG  with  the  field  configuration  of  vacuum  pumps  and  motor- 
generator  sets,  The  operational  tests  will  include  some  preliminary 
cutting  tests,  to  be  performed  using  a  6  x  6  x  5-foot  granite  test 
block 

2 .  Modifications 

In  the  preliminary  testing,  some  discrepancies  in  carriage 
operation  were  noted.  The  clearances  between  the  portions  of  the  gun 
mount,  which  move  in  the  Y-axis  or  vertical  mode,  were  found  to  be 
excessive,  and  under  certain  loading  conditions,  the  movable  portions 
could  be  "derailed".  A  system  of  auxiliary  guide  rollers  has  been 
designed  and  installed  to  redistribute  the  loads,  and  thereby  alleviate 
the  problem.  As  mentioned  in  the  First  Quarterly  Report,  a 
flexible  coupling  was  provided  in  the  gear  drive  system  to  prevent  any 
misalignment  problems  chat  might  result  from  a  redundant  center  condition. 
The  rigid  coupling  appeared  to  function  properly  but  was  removed  anyway 
and  replaced  with  the  flexible  device.  The  flexible  rubber  insert  in  the 
new  coupling  resulted  in  soft  or  apongy  response  in  the  yaw  drive  wi**.h 
a  considerable  amount  of  over-shoot  observed  at  the  end  of  the  actuator 
stroke  and  upon  control  valve  closure.  The  rigid  coupling  will  be 
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reinstalled  to  eliminate  these  undesirable  characteristics.  The  results 
of  tho  remaining  initial  phase  tests  are  described  below.  (As  in  the 
3rd  Quarterly  Report.) 

3.  Carriage  Test,  Continued 

Tests  were  conducted  to  verify  proper  operation  of  the  carriage 
hydraulic  system  and  controls  and  to  determine  velocities  of  motion 
resulting  from  various  hydraulic  system  adjustments.  To  simulate  the 
operational  configuration  of  the  carriage  with  the  EBG  installed,  an 
EBG  mock-up  was  constructed  and  installed  on  the  carriage  for  the 
preliminary  tests.  This  mock-up,  made  of  concrete  and  steel  pipe, 
approximates  the  36-kW  EBG  in  weight,  overall  dimensions,  and  center 
of  gravity  location  as  indicated  in  Table  A-l. 

Table  A-l 

COMPARISON  OF  36  KW  EBG  AND  MOCK-UP  EBG 

36  KW  EBG  Mock-up 

Weight  1500*  1474 

Moment  due  to  CG  Location  18,000  in. -lb.  15,500  in. -lb. 

The  carriage  is  capable  of  moving  the  gun  along  the  x,  y,  and  z  axes  and 
in  the  rotational  modes  of  pitch  and  yaw.  Axis  orientation  and  rotational 
modes  are  indicated  in  Figure  5.  Motion  in  each  of  the  five  modes  of 
operation  is  accomplished  using  linear  or  rotary  hydraulic  actuators  with 
velocity  control  in  all  modes  except  the  z  axis  achieved  through  the  use 
of  temperature  and  pressure  compensated  flow  control  valves.  Velocity 
control  in  the  z-axis  mode  is  achieved  using  an  uncompensated  variable 
orifice  flow  control  valve. 

4.  Carriage  Test  Results 

Measurements  of  linear  and  rotary  full  stroke  displacements 
were  made  for  each  mode  of  operation.  Each  of  the  actuators  was  then 

£ 

The  1500-pound  weight  was  a  very  conselrvative  early  estimate  of  the  gun 
weight.  Actual  weight  is  approximately  975  pounds. 
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cycled  at  several  different  flow  control  valve  settings.  The  time  re¬ 
quired  for  actuation  at  each  setting  was  measured  and  recorded. 

An  additional  test  conducted  to  determine  the  amplitude 
and  frequency  of  vibration  or  beam  oscillation  present  at  the  end  of  the 
gun  transfer  column.  No  mention  was  made  in  the  design  requirements  of 
vibration  limits,  but  this  was  subsequently  determined  to  be  an  area  of 
concern.  Horizontal  and  vertical  vibrations  were  measured  at  several  flow 
control  valve  settings  for  each  mode  of  operation  using  MB  velocity 
pickups  in  conjunction  with  an  MB  meter  and  an  oscilloscope. 

Actuation  Velocities.  Times  required  for  full-stroke  actuation  for 
various  valve  settings  were  used  to  calculate  velocities  at  the  gun 
exit  nozzle.  Velocities  for  each  mode  of  operation  were  plotted  against 
valve  opening  (see  Figures  A-10  through  A-13). 

Temperatures.  Hydraulic  fluid  temperatures  were  recorded  throughout 
the  test.  The  fluid  temperature  repeatedly  reached  the  maximum  allowable 
temperature  of  150°F  after  about  4  to  6  hours  of  continuous  operation; 
test  operations  had  to  be  halted  to  permit  the  system  to  cool. 


Vibration.  Amplitude  and  frequency  of  horizontal  and  vertical  exit 
noz2le  vibration  were  measured  and  recorded  during  each  mode  of  operation 
at  various  flow  control  valve  settings.  Both  amplitude  and  frequency 
appear  to  be  independent  of  actuation  velocity.  Frequencies  were  3  to 
4  cps  in  the  horizontal  direction  and  8  to  10  cps  in  the  vertical. 
Amplitudes  (peak  to  peak)  varied  from  0.001  inch  to  0.01  inch  with 
averages  from  0.0005  inch  to  0.001  inch. 

5 .  Conclusions  and  Recommendations 

General  Performance.  The  electron  beam  gun  carnage  performs  as  required 
by  the  design  requirements  specification  except  for  the  irregularities  in 
velocity  control  and  the  problem  of  hydraulic  system  overheating.  No 
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Figure  A-10.  EBG  Carriage  -  X-Axis  Actuation  Velocities 
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anomalies  were  noted  during  operation,  and  the  only  construction  dis¬ 
crepancy  noted  was  the  use  of  fixed  elbow  hose  connections  in  the 
hydraulic  system  when  swivel  elbows  had  been  called  for  on  the  carriage 
procurement  drawings.  Replacement  of  the  fixed  elbows  with  swivel 
elbows  is  recommended. 

Actuation  Velocities.  The  specification  requires  actuation  velocities 
in  all  modes  to  be  variable  within  the  range  of  0  to  30  inches  per  minute. 
The  X-  and  Y-axis  control  systems  perform  in  accordance  with  the  specifi¬ 
cation  requirements  except  for  some  irregularities  which  appear  on  the 
velocity  plots  as  apparent  decreases  in  velocity  resulting  from  an 
increase  in  valve  opening.  This  behavior  is  attributed  to  changes  in 
oil  temperature  and  viscosity. 

Actuation  velocities  and  their  control  in  the  pitch  and  yaw  mode 
are  less  satisfactory.  In  the  yaw  mode,  performance  was  characterized 
by  very  high  velocities,  varying  from  67  inches  with  the  valve  0.25 
turn  open  to  900  inches  per  minute  at  2.5  turns  open,  and  by  large 
irregularities  in  flow  resulting  from  temperature  changes  in  the  hydraulic 
fluid.  The  manufacturer's  specification  for  performance  of  the  yaw  and 
pitch  circuit  flow  control  valves  states  that  they  will  maintain  constant 
flow  over  a  pressure  range  of  70  to  3000  psi  with  a  +1.0  percent  variation 
in  flow,  and  over  a  temperature  differential  of  60°F  with  +2.5  percent 
variation  in  flow,  in  the  flow  range  from  0  to  25  cubic  inches  per 
minute.  To  achieve  operation  at  the  desired  velocities,  the  flow 
controls  must  operate  properly  in  the  bottom  2  percent  of  the  flow  range, 
and  they  are  apparently  not  capable  of  this  performance.  A  possible 
remedy,  which  may  be  employed  to  achieve  more  precise  control  in  the  yaw 
circuit,  would  require  replacement  of  the  present  direct  coupling  of  's* 
he  actuator  to  its  driven  mechanium  with  a  chain  or  gear  drive  with  at 
least  a  "’ll  reduction. 

Pitch  circuit  performance  is  also  characterized  by  high  velocities 
in  the  "up"  direction  and  by  very  low  velocities  in  the  "down"  direction. 
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Velocities  measured  in  the  "up"  direction  varied  from  13.8  inches  per 
minute  at  a  valve  setting  of  0.25  turn  to  185  inches  per  minute  at  5.0 
turns  open.  These  velocities  correspond  to  flow  rates  of  7.7  cubic  inches 
per  minute  and  104  cubic  inches  per  minute,  respectively.  Since  the 
maximum  flow  rate  for  this  valve  is  25  cubic  inches  per  minute,  the  flow 
control  valve  is  apparently  defective.  The  pitch  "down"  circuit  provides 
satisfactory  velocity  control,  except  that  motion  was  extremely  slow 
until  the  valve  was  opened  2.0  turns. 

The  flow  control  valve  manufacturer  has  agreed  to  replace  the 
defec  ive  valves.  They  will  also  test  valves  to  find  two  that  operate 
satisfactorily  in  the  lower  portions  of  their  flow  range.  These  will 
replace  those  presently  in  the  yaw  circuit. 

Temperature.  The  maximum  permissible  operating  temperature  for  the 
carriage  hydraulic  system  is  150°F.  This  temperature  was  reached 
several  times  during  the  test,  necessitating  a  halt  in  test  operations  to 
permit  the  system  to  cool  to  an  allowable  operating  temperature.  The 
temperature  fluctuations  also  have  a  pronounced  effect  on  flow  control 
valve  performance.  For  these  reasons,  installation  of  an  air/oil  or 
water /oil  heat  exchanger  is  recommended  fo  maintain  a  maximum  fluid 
temperature  of  approximately  10Q°F.  Rough  heat  load  calculations 
indicate  that  the  required  heat  exchanger  should  have  a  maximum 
capacity  of  removing  60  btu/rainute  from  the  hydraulic  fluid  returning 
to  the  reservoir.  The  actuation  velocity  tests  should  be  repeated 
after  installation  of  a  heat  exchanger  and  replacement  of  defective 
valves . 

Vibration.  Amplitude.-  recorded  during  the  vibration  test  remained 
constant  at  severai  valve  settings  and  appeared  to  be  affected  only  by 
background  vibration,  such  as  that  caused  by  motion  of  heavy  machinery 
in  the  adjacent  aiea  These  inputs,  transmitted  through  the  concrete 
floor  of  the  test  area,  resulted  in  -arge  response  motion  of  the 
carriage  and  test  weight.  In  field  tests,  this  will  not  be  a  problem 


and  the  (M1Q0!)  (twit  to  O.dQl  Inch  amplitudes  renoided  is  «t*?ady”Staie 
vibration  may  be  oonnidved  negligible, 

«>•  OHALJ® 

Nil  action  wrt«*  taken  on  the  recommendations  of  the  preceding 
paragraph,  When  tlin  electron  4011  was  delivered  to  Sunnyvale  in  Apr  li  of 
IWd,  It  would  not  fi:  the  0 « t' v t » *t 0  because  the  pitch-gear  projected  it* 
wldu  the  space  envelope  of  the  gun,  An  estensiun  bracket  had  to  bo  made 
for  cho  foot  of  tluj  loft  upright  rail  to  plana  the  rails  further  apart, 
No  stand  fur  the  email  pumps  (Klg,  A-4)  had  been  provided  and  no  aupport 
brackets  for  the  dectrlcal  Junction  boa.  Ily  the  end  of  July  IV ? If  theae 
parts  became  available  and  the  electron  pun  was  lifted  from  the  labora¬ 
tory  carriage  to  the  main  carriage,  Inatalling  the  email  vacuum  pumpa 
required  some  changes  on  the  stand  to  avoid  interferences  between  the 
fusible  hoses  and  the  stand  as  well  as  the  trams  of  the  main  carriage, 

While  theae  problems  could  be  overcome,  the  above  desuribed 
shortcomings  in  the  speed  settings  and  the  vibrational  responses  were 
not  alleviated  at  thu  time,  and  they  have  tu  some  extent  hampered  the 
tests,  as  discussed  in  Section  6,1,  They  must  be  corrected  before  the 
equipment  is  taken  into  the  field. 
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bxpeotfng  to  he  able  to  go  into  the  field  under  ihe  present 
conduct,  once  the  electron  gun  was  put  un  ita  carriage  and  traveralng 
mechanism,  certain  preparations  fur  field  teal*  have  been  made*  tea 
tullovai  (I)  review  and  aaleutlon  of  mat  sites,  Hi  the  development 
ul  hUo  nnppio  t  equipment  such  aa  radiation  shielding,  and  (1)  regletra 
lion  ot  the  eleotion  beam  pun  with  the  California  State  Department  of 
habile  Health  ns  a  radiation  produel  up  machine,  (See  Section  b.b) 

h- l  Teat  Site  Selection 

A  meet  inn  was  held  at  the  U,  8,  bureau  of  Mlnea  Twin  Cities 
Research  Center  on  '"1  January  1  >  1  i  to  discuss  varloua  aspects  of  test 
sites,  With  thla  discussion  In  mind,  Woatlnghouae  began  to  review 
candidate  teat  altea,  Boc.auau  of  the  complications  that  might  be 
encountered  in  an  underground  mine  situ,  such  as  limited  access  and 
space  or.,!  the  possibility  of  environmental  problems  (heat,  gases,  etc,) 
West InghouRo  has  concentrated  on  open  quarry  sites  for  the  first  field 
tests,  Some  of  the  aspect?  considered  us  desirable  site  features  are 
the  following! 

1,  Geologic  considerations 

a.  Relatively  hard  rock  type 

b.  Large,  relatively  uni'ractured,  constrained  rock  mass 

c.  Rock  surface  relatively  unweathered 

d.  Gavural  feet  of  overburden  above  Lest  location 

2,  facility  considerations 

a.  Availability  of  utilities,  communications,  security 

b.  Availability  of  acceptable  security  arrangements 
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o.  , Safet  y  i eqult wmont a  I  raasonahlw  proximity  to  nautical 
far till i«*e  a tivl  X-ray  Him  badge  service 

d,  Availability  of  large  opan  work  area  around  last  alto 

e,  Proximity  to  West  inuhouxo  Sunnyvale «  California 

f,  Availability  ot  accommudat  ions  for  site  personnel 

U<  Climate!  minimal  ohnuuu  lor  precipitation  durian  the 
fviur-  to  six -week  text  period. 

1.  Site  Support  considorai Iona 

a.  Availability  of  skilled  and  unskilled  labor 

b.  Availability  of  support  equipment  aucli  an  cranes, 
welding  equipment,  aarthmovlng  equipment,  otu, 

With  the  ioregotng  criteria  In  mind,  Wer tinghuuse  baa  reviewed 
Ik*  quarry  sltuu  and  I  mine  sUe.  Thu  mine,  in  Alburquerquu ,  Now  Mexico, 

!h  unsuitable  for  our  purposes  because  of  its  remote  location,  the 
I  Uni  tod  access  to  tear,  facea,  and  the  lack  of  utilities  it  t  the  mine 
iito,  as  well  as  other  reasons.  The  quarry  sites  visited  range  from 
granite  quarries  In  tho  Rocklin,  California  arua;  granodlorite  quarries 
in  Madera,  California;  nod  granite,  limestone,  and  sandstone  quarries 
lu  the  coiiaL  range  trom  Monterey  to  Marin  County  (north  of  San  Fruneisco) . 
Most  of  the  sites  reviewed  wore  deumed  unsuitable  for  WoNtinghouse  use 
for  various  reasons  such  as  inaccessibility,  lack  of  sufficient  rock 
face  and  overburden,  inadequate  utilities  available  at  the  site,  and  high 
prabillty  of  interference  with  the  owners'  quarrying  operations.  However, 
one  site  had  been  located  which  fulfills  most  of  the  site  requirements 
and  was  therefore  tentatively  solocted,,as  a  field  test  site,  but  it  was 
rejected  later. 

Tho  first  selected  site  was  the  Logan  quarts  gabbro  quarry 
In  Aromas,  California,  near  Watsonville  (aee  Figure  B-l  and  B-2).  This 
quarry  is  owned  and  currently  operated  by  the  Granite  Rock  Company  of 
Aromas,  California  and  is  available  tor  electron  beam  gun  test  use.  It 
Is  located  about  eight  miios  from  Watsonville,  and  is  approximately  one 
hour  und  15  minutes  travel  time  from  the  Westinghouse  Sunnyvale 
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Figaro  B-2.  South  KnH  of  Logan  Quarry  Showing  Rock  Face  and  100- foot  Wall 


facility.  While  not  far  from  Watsonville,  the  alto  la  relatively 
isolated  and  has  limited  access;  thus  .security  should  not  be  a  large 
problem.  Utilities  are  aviluble  at  the  aitUi  and  site  support  equip¬ 
ment  and  labor  are  availablo  at  cost  from  the  quarry  operator. 

Tlie  quarry  itself  is  approximately  one-half  mile  across  and 
has  a  flat  floor  of  packed  granite  sand.  The  rock  walls  of  the  quarry 
vary  from  80  to  about  100  feet  high  and  present  excellent  exposures 
of  unweathorod  rock,  both  fractured  and  relatively  unfractured  (see 
figure  B-2).  The  rock  itself  is  a  hornblende  quartz  gabbro  containing 
about  10  percent  quartz  and  35  to  48  percent  green  hornblende.  The 
Logan  formation  is  described  in  greater  detail  by  Donald  C.  Ross  in 
Reference  31. 

A  view  of  this  site  is  presented  in  Fig.  B-l  and  B-2.  Since 
it  is  located  on  the  San  Adreas  Fault,  the  Logan  rock  is  extensively 
fractured  and  faulted.  After  a  second  visit  to  the  Logan  site  by 
Westinghouse  and  Bureau  of  Mines  personnel  in  June  1971,  this  site  was 
rejected  as  a  prime  test  site,  and  another  site  was  located  that  more 
completely  fulfills  the  desired  geologic  requirements. 
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The  approved  test  site,  also  visited  by  Westinghouse  and 
Bureau  of  Mines  personnel,  is  the  Raymond  Granite  Company's  "Sierra 
White"  granite  quarry.  The  quarry  is  located  in  the  Sierra  Nevada 
foothills  of  California  and  25  miles  south-southwest  of  Yosemite  National 

Park.  A  section  of  the  USGS  map  for  California  gives  an  indication  of 

kk 

geological  formations  in  the  Raymond  area. 

The  Raymond  quarry  is  a  producer  of  white  granite  dimension- 
stone  products,  whiuh  are  excavated  from  an  exposed  face  of  an  extensive 
mesozoic  granitic  formation.  The  rock  is  an  even  textured,  fine  grained 
moscovite-biotite  granite,  grayish  white  in  color.  The  chemical 
composition  of  the  rock  and  some  of  its  physical  properties  were  listed 
in  Section  4.3.1  of  the  main  text  of  this  report. 
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"Sierra  White"  is  the  producer's  trade  name  for  the  rock  from  this 
quarry . 

See  Mariposa  Sheet  of  Olaf  P.  Jenkins'  Edicition  of  Geologic  Map  of 
California  Compilation  by  Rudolph  G.  Strand,  U.S.  Geological  Survey,  1967. 
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In  their  excavation  of  the  quarry,  the  operators  have 
refrained  from  the  use  of  explosives  whenever  possible,  and  therefore, 
the  rock  mass  is  almost  entirely  fracture-free.  Figure  B-3  shows  the 
location.  The  test  block  for  the  tests  described  in  Section  4.3  came 
from  this  site. 

While  this  site  is  ideal  geologically,  its  use  presents  other 
difficulties,  primarily  because  of  its  rather  remote  location.  Utilities 
and  telephone  communications  are  available,  but  the  closest  living 
accommodations  and  medical  facilities  are  in  Madera.  The  support 
equipment  and  labor  available  from  the  quarry  operator  are  rather  limited. 
He  will  provide  a  part-time  electrician  to  provide  power  to  the  tent 
face,  but  all  other  labor  must  be  provided  by  Westinghouse .  A  small 
machine  shop  and  some  welding  equipment  are  available  for  Westinghouse 
use,  but  again,  personnel  must  be  provided  by  Westinghouse. 

Other  arguments  which  speak  against  the  use  of  this  test  site 
have  been  advanced  already  in  Sections  4.3  of  this  report. 

B-2  Equipment 

A  set  of  shielding  panels,  consisting  of  1/4"  lead  on  plywood 
and  backed  by  a  frame  of  2  x  4  lumber,  have  been  bought.  In  addition 
some  lead  glass  panes  were  bought  to  cover  new  windows  which  were  cut 
into  some  of  the  lead  panels.  None  of  the  above  was  used,  except  the 
panele  for  the  "sky-shine"  shield  discussed  in  Section  4.2 

The  motor  generator  sets  which  were  used  at  the  Sunnyvale  test 
site  were  rented  units}  they  would  have  been  used  at  the  field  site  as 
well,  but  the  lease  on  them  was  not  extended  after  the  Sunnyvale  tests 
were  completed. 
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First  Quarterly  Technical  Report  30  April  1971 

Second  "  "  "  30  July  1971 

Xhlrd  "  "  "  30  October  1971 

The  contents  of  these  reports  is  included  in  full  in  the  present  Final 
Report  and  therefore  no  cross  reference  to  these  earlier  renorts  appears 


herein. 


